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NOTICE

This report was prepared as an account of Governiment sponsored
work, Neither the United States, nor the National Aeronautics and
Space Administration (NASA), nor any person acting on behalf of
NASA:

(A) Makes any warraanty or representation, expressed
or implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this report,
or that the use of any information, apparatus, method,
or process disclosed in this report may not .nfringe

privately owned rights; or

(B) Assumes any liabilities with respect to the use of, or
for damages resulting from the use of any information,

apparatus, method or process disclosed in this report,

As used above, ''person acting on behalf of NASA'" includes any employee
or contractor of NASA, or employee of such contractor, to the extent
that such employee or contractor ol NASA, or employee of such
contractor prepares, disseminates, or provides access to, any infor-
mation pursuant to his employment or contract with NASA, or his

employment with such contractor,

Requests for copies of this report should be referred to:
National Aeronautics and Space Administration
Office of Scientific and Technical Information

Attention: AFSS-A
Washington, D, C, 20546
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EXTENDED LOADING OF CRYOGNIC TANKS
BY

C. F, Tiffany, P, M, Lorenz and R, C, Shah

ABSTRACT

Plane-strain flaw gfowth characteristics under sustained loading and
combined cyclic-sustained loading conditions as well as static fracture
toughness values were obtained for 2219-T87 aluminum and 5A1-2,5 Sn
(ELI) annealed titanium. Investigations were conducted a2t room temper-
ature, -320°F and -423°F in ambient air, liquid nitrogen and liquid
hydrogen environments, respectively, The experimental approach was
based on linear-elastic fracture mechanics., Results from surface-
flawed uniaxial specimens and cylindrical tanks were compared, It

was concluded that the effects of cyclic and sustained loa,ding may be

. combined and used in the design of cryogenic pressure vessels,
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PREFACE

This report describes an investigation by The Boeing Company from
June 1965 to December 1966 on plane-strain sustained flaw growth
in thick-walled cryogenic tanks under Contract NAS 3-6290, The
work was administered by Mr, Gordon T, Smith of the NASA Lewis
Research Cenier,

Boeing personnel who participated in the investigation include

C, F, Tiffany, project supervisor; P, M, Lorenz, principal investi-
gator; and R, C, Shah, research engineer, Structural testing of
specimens and cryogenic tanks was conducted by A, A, Ottlyk and

J. R, Hughes, Manufacturing support was provided by O, Faerber,

Technical illustrations and art work were prepared by D. Good.
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SUMMARY

The experimental work performed on this program was directed toward
establishing design criteria, obtaining sustained and combined cyclic
sustained stress flaw growth data, and developing design utilization
methods for cryogenic pressure vessels, Experimental data together
with the overall assessment of the problem of cryogenic pressure
vessel design lead to confirmation of the design criteria based on the
evaluation of fracture toughness of the material, its flaw growth
characteristics, and assurance of adequate flaw growth potential, Key
factors are the '"No Failure' threshold stress intunsity levels, selection

of adequate proof test level, and interaction between cyclic and sustained
loading.

The experimental approach was based upon Griffith-Irwin fracture
criteria and utilized uniaxially surface-flawed fracture toughness
specimens as well as pressure vessels made from 2219-T87 aluminum
and 5A1-2,55n(ELI) titanium, Tests were conducted at -423°F, -320°F,
and at room temperature, under static, sustained, and combined cyclic-
sustained loading conditions, The obtained data was integrated with
cyclic data from NAS 3-4194 program and presented in the form useful

in design of cryogenic pressure vessels,

It has been shown that subcritical flaw growth and subsequent failure can
occur under conditions of sustained stress. The cause of this growth is,
at present, unknown, but may be related to high stress creep fracture

of the plastically yielded material at the flaw tip, which exists even
though the gross stress field is elastic, The intent of the effort
described in this report was not to determine the reasons for such
growth, but to determine the conditions under which it can occur and how
it affects pressure vessel service performance,
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A series of surface flawed fracture specimens with different nitial flaw
sizes and/or applied stress levels (i.e, different initial stress intensity

values) have been tested to generate curves of K_, or KIi/KIc versus

time to failure, Characteristically, it has been Iflou,nd that for a given
material -environment combination there is a strets intensity level
below which failure will not occur, This has been called the threshold
stress intensity level., It was further observed that below this level
time at maximum stress has little or no effeci: on subcrirical cyclic
flaw growth rates, but above the threshold failure cyclic iife of speci-

mens was significantly reduccd.

All room-temperature specimens were tested in ambient atmosphere.
The -320°F and -423°F tests v&;ere conducted in liquid nitrogen and
liquid hydrogen environments, respectively. The sustained load testing
wz s done by subjecting surface-flawed specimens to a target stress
level, then leaving the specimens under the load for a specified period
of time or until failure. Test specimens that did not fail under sustained
loading after times ranging from a few minutes to several days were
"marked' by subjecting them to low stress fatigue. Purpose of the
"marking' was to introduce a differently textured fatigue area around
the periphery of the flaw and thus, upon subsequent fracture, be able

to determine the extent, if any, of sustained flaw growth,

A series of titanium and aluminum specimens were instrumented for
detectior and measurement of flaw opening displacements during the
test run by using single wire strain gages mounted on the platelets
attached to the lips of the surface flaw., The combined cyclic-sustained
testing was done by modifying the 0-100-0 trapezoidal loading profile
used on NAS 3-4194 program. The modification consisted of an
increased hold time at maximum load from 15 seconds to 2.5 and 30

minutes, respectively,



ot s o

4

Fractographic technique used for flaw size measurement has been
developed during the experimental effort sponsored by the NASA Lewis
NAS 3-4194 program and essentially consists of illuminating fracture
surface with the polarized light.
Sustained testing of cyﬁndrtcai tanks was done by pressuriziﬁg a given
test tank to a desired hoop stress and holding at that pressure for a
predetermined period of time or until failure. Flaw marking in the
tanks, whenever the tank did not fail during the test, was accomplished
by subjecting each tank to a repeated pressurization at relatively low
pressure levels, Marking of some flaws was done by removing a portion
of the shell containing surface flaw, straightening adjacent regions or
by welding straight extensions when necéssary, The flaw-containing
portion of the shell was then marked as if ig’were an ordinary uniaxial
surface-flawed specimen,

¢
The sustained stress flaw growth data obtained on this program can be
used in estimating the life of cryogenic pressure vessels subjected to
extended periods of time at pressure, such as will be encountered in
long term space missions, Also, the results of this program can be used
in conjunction with the cyclic flaw growth data obtained on NASA Contract
NAS 3-4194 (reported in CR 54837) to estimate the life of pressure vessels
subjected to combined cyclic and sustained pressures. Assurance of safe
life Hfor extended pressure storage can be obtained by insuring *thet during .
the required life the maximum 'applied stress intensity in the vessel does
not exceed the sustained stress threshold stress inteneity value for the
specific material and environment. A successful proof preeeure test can

be used to determine the maximum possible’ initial applied etreee intensity

in the vessel. The maximum initial t& critical etreee intensity ratio ie
equal to one divided by the ratio'of the ‘proof pressure to the maximum
operating preeeure. Frcpm the, reeulte of thie program it ih concluded
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that below the '""No Failure'' threshpld ‘stress intensity level (i.g., that
stress intensity above which delayed time dhilures can’otcur), time at
pressure has little or no effect on cyclic flaw growth fates, Hence,
the data reported in CR 54837 gan be safely used to determine the
number of pressure cycles. required"to increase the initial stress
intensity to the threshold level, Above the threshold luvel, time at
pressure can have a ia.rge effect on cyclic flaw growth rates and as a
result cyclic life can be severely limited,

B e N T

[ Snpgaiavasmre



TABLE OF CONTENTS

Section

SYMBOLS

1.0 INTRODUCTION

2,0 TECHNICAL BACKGROUND
2,1 Stress Intensity Equations
2,2 Subcritical Flaw Growth

3.0 MATERIALS AND FARRICATION PROCEDURES

3.1 Materials

3.2 Fabrication Procedures
4,0 EXPERIMENTAL PROCEDURES

4,1 Uniaxial Specimens

4,2 Biaxial Specimens (Cylindrical Tanks)

5.0 TEST RESULTS
5.1 2219-T87 Aluminum Test Data

5.2 5A1-2,55n(ELI) Titanium Test Data

6.0  DISCUSSION OF TEST RESULTS
6.1 Threshold Stre s;'lntezﬂfzsity‘Concept
6.2  2219-T87 Aluminum Data _'
6.3 . 5A1-2,55n(ELI) Titanium Data’
6 4 Pressure Vessel Test Data
| 7.)0 \ coxcws:ons
| REFERENCES |

e
Ry -

-y
[

pr—
v .
L=




LT.Te

=5

| doueis

= okda

ot

S 8 ©

=

LIST OF SYMBOLS

Opening mode stress intensity factor
Opening mode stress intensity factor at initial conditions
Critical stress intensity or fracture toughness of material

Semi-minor axis of the ellipse x2 + _Z__ = 1 or crack

cZ
depth of the semi-elliptical surface ﬂaw

Crack length of the semi-elliptical surface flaw

Definedas x =c cos¢ andy = a sin¢g

Polar angle measured from minor axis as shown in Figure 3
Complete elliptical integral of the second kind having
modulus k d-:fined as k = 9—2—-%2-—8‘3)1/2

Uaiform stress applied at infinity and perpendicular
to the plane of crack

Uniaxial tensile yield strength

® - 0212 (0/ o )2

ys
Poisson's ratio of the material
Young's modulus

‘Thickness of plate

Crack opening diaplacement at the center of the ellipt:.cal
crack

. Flaw openihg displacement at a point where the minor axis
of flaw intersects the specimen surface

Internal radius of cylindrica.l shell ‘ _
Apphed pressure to the cylindncal ahe‘ll -




LIST OF ILLUSTRATIONS

FIGURE NO, PAGE
1 Shape Parameter Curves for Surface and Internal 69
Flaws
2 Resultant Stress Magnification Due to Deep Flaw 70
~and Plastic Yielding for Plane Strain » =1/3,
a/2c 0.3
3 Stress Intensity Factor for a Semi-Circular Sur- 71
face Flaw
4 Schematic Representation of Possible Initiation at a 72
Semicircular Surface Flaw
5 Stress Intensity Factor for a Semi-Elliptical Surface 73
Flaw
6 Elastic Stress Intensity Magnification Factors for 74
Deep Surface Flaws
7 Cyclic Life Data for 5A1-2, 5Sn (ELI) Titanium at 75
~320°F (0-100-0 Load Profile, 1 CPM)
8 Cyclic Flaw Growth Data for 5A1-2,55n (ELI) ., 76
Titanium at -320°F (0-100-0 Load Profile)
9 Sustained Stress Flaw Growth Test Approach 77
10 Teneile Specimen (Titanium) 78
11 Surface-Flawed Titanium Specimen . . 79
12 Tensile Specimen (Aluminum) ’ 80
13 Surface-Flawed Specimen for 0, 6 Inch Aluminum 81
Specimen
14 5A1-2, 5Sn(ELI) Tiﬁnium Test Cylinder (-423'13‘ © 82
Tests) ; ‘
15 - 2219-T87 Aluminum Test Cyiinder (Room Temp- 83
. erature and -423°F Tests) - , v R
16 Instrumentation for Meaeuring Flaw Opening Dis- B4 . .4
placements ' Cee e




LIST OF ILLUSTRATIONS (Ccntinued)

FIGURE NO, PAGE
17 Schematic Diagram of Pressure and Control System 85
ZXi Used for Room Temperature Tank Tests
Y
18 Liquid Hydrogen Pressurization System (Helium 86
i Boosters)
b
] 19 Liquid flydrogen Pressurization System (Aft Servo 87
p Pickup)
!3 20 Mechanical Propertie~ of 2219-T87 Aluminum Plate 88
I} 21 Static Fracture Toughness of 2219-T87 Aluminum 89
il
22 Summary of Flaw Opening Displacement (2219-T87 90
i Aluminum Specimen Number CA -34)
! 23 ' Flaw Opening Displacement Under Sustained Loading 91
. (2219-T87 Aluminum Specimen DA-33, Beginning of
i The First Test Run)
24 Flaw Opening Displacement Under Sustained Loading 92
5 (2219-T87 Aluminum Specimen DA-33, Conclusion of
% The First Test Run)
v 25 Flaw Opening Displacement Under Sustained Loading 93
! (2219-T87 Aluminum Specimen DA-33, Second Test
4
Run)
i 26 Sustained Stress Life Data (2219-T87 Aluminum at 94
N Room Temperature) .
27 ~ Sustained Stress Flaw Growth Curves (2219-T87 95
: Aluminum at Room Temperature)
28 Flaw Opening Displacement Under Sustained Loadmg 96
e - (2219-‘1‘87 Alummum Spec:.mens AA 59 and DA -36)
. *
. 29 : Sustained Strcas Life Data (2219-T87 Aluminum at 97
o -SZO‘F) e,
' . . 30 - Sustaindd Stress Fla.w Growth Curves §2219-T87 98
o Aluminum at -32 °F) o
31

" . Fractograph of Delaminated 3219-T87 Aluminum . 99
R Speci.man Number CA-45 : L

" . : H R . e



- (5AT=2. ssn(ELI) Titan

LIST OF ILLUSTRATIONS (Continued)

Specimen No." 5T-18, /’/
Continuation of the Te \t Run) y

?

I'IGURE NO,

32 Sustained Stress Life Data (2219-T87 Aluminum at
-423°F)

33 Sustained Stress Flaw Growth Curves (2219-T87
Aluminum at -423°F)

34 Combined Cyclic-Sustained Flaw Growth in 2219-T87
Aluminum at -320°F (End Point Analysis)

35 Combined Sustained Stress and Cyclic Flaw Growth
(2219-T87 Aluminum at -320°F)

36 Overall View of Fractured 2219-T87 Aluminum Tank
Serial No. 0001 Tested at Room Temperature

37 Delamination in 2219-T87 Aluminum Tanks Tested at
Room Temperature

38 Overall View of Fractured 2219-T87 Aluminum Tank
Serial No., 0003 Tested at -423°F

39 Pressure Versus Time Chart Record for 2219-T87
Aluminum Tank Serial No. 0004 Tested at «423°F

40 Mechanical Properties of 5A1-2, 5Sn(ELI) Titanium Plate

41 KI Versus Fracture Stress (5A1-2, 5Sn(ELI) thanmm

c

at -320°F)

42 Kic Versus Fracture Stress (5A1-2, 5Sn(ELI) Titanium
at -423°F)

43 Flaw Opening Displa,cement for SAl 2 SSn(ELI) Titanhium
(Specimen No, 4T-15)

44 Flaw Opening Diaplacemént Under Sustained Loa,ding

‘ (5A1-2, SSn(ELI) Titani u;‘,n Specimen No,- 5T-18, - ,

| Beginning of the Test Rx,ml e s
45 Flaw Q Dis lace ent Under Sustained Loading

PAGE

100

101

102

103

104

105

106

107

108
109

110

- 111

L1z

113,

P ——,

Fa LN v

) Rz P ) [

 pr—

et



(R e

-

&i‘ {.'!"5""‘1 ot E:_m 3 {i:.‘s—a- R —

FIGURE NO,

46
47
48

49

50

51
52

53

54

55

56

LIST OF ILLUSTRATIONS (Contirued)

Flaw Opening Displacement Under Sustained
Loading (5A1-2,5Sn(ELI) Titanium Specimen
No. 51-18, Conclusion of the Test Run)

’
Flaw Opening Displacement Under Sustained
Loading (5A1-2, 5Sn(ELI) Titanium Specimen
No, 6T-21, Beginning of the First Test Run)

Flaw Opening Displacement Under Sustained
Loading (5A1-2,5Sn(ELI) Titanium Specimen

No. 6T-21, Continuation of the First Test Run)

Flaw Opening Displacement Under Sustained
Loading (5A1-2,5Sn(ELI) Titanium Specimen

No., 6T-21, Completion of the First Test Run

and the Second Test Run)

Flaw Opening Displacement Under Sustained
Loading (5A1-2,5Sn(ELI) Titanium Specimen
No. 9T-83 Beginning of the Test Run)

Flaw Opening Displacement Under Sustained
Loading (5A1-2,5Sn(ELI) Titanium Specimen
No. 9T-83, Continuation of the Test Run,
Sheets 3 Through 12)

Flaw Opening Displacement Under Sustained
Loadiag (5A1-2,5Sn(ELI) Titanium Specimen
No. 9T-83, Continuation of the Test Run,
Sheets 13 Through 21)

.. Flaw Opening Displacement Under Sustained

Loading (5A1-2, 55n(ELI) Titanium Specimen
No. 9T-83, Conclusion of the Test Run)

Sustained Stress Life Data (5A1-2, 55n(ELI)
Titanium at -320°F, High Stress Data)

PAGE

114

115

116

117

118

119

120

121

122

Sustained ‘Stress Life Data (SAI 2,58n(ELI) Titanium 123

a.t -320°F, Low to Medium Stress)
Sustained Stress Life Da.h (5A1 2. SSn(ELI)

- Titanium at -€=23'F)

124



%

LIST OF ILLUSTRATIONS (Continued)
FIGURE NO, - PAGE
57 Combined Sustained and Cyclic Stress Life Data 125

(5A1-2,5Sn(ELI) Titanium at -320°F, Low to Medium
Stress Data)

58 Combined Sustained and Cyclic Stress Life Data 126
(5A1-2,55n(ELI) Titanium at -320°F, High Stress
Data)
59 Illustration of the Effects of Flaw Marking Tech- 127
nique
60 Fractographs of 2219-T87 Aluminum Tank Tested at 128
Room Temperature (Tank No, 0001)
61 Fractographs of 2219-T87 Aluminum Tank Tested at 129
Room Temperature (Tank No. 0002)
62 Fractographs of 2219-T87 Aluminum Specimen 130
Tested at Room Temperature (Specimen No, CA-41)
63 Fractographs of 2219-T87 Aluminum Specimen 131
Tested at Room Temperature (Specimen No. CA-43)
. 64 Fractographs of 2219-T87 Aluminum Specimens 132
, Tested at Room Temperature (Specimens C-1 and
° C-4)
. 65 Fractographs of 2219-T87 Aluminum Specimens 133
: Tested at Room Temperature (Specimens CA-34 and
S . DA-33) ¥ ‘
¢ . 66 Fractographs of 2219-T87 Aluminum Specimens 134

Tested at -320°F (Specimens CA~-40 and D. -31)
! ] : .

I

P

a

.




PSR -
Reppmem —— nppept—

et

|

LISET OF TABLES

bl

TABLE
NO. PAGE
1 Chemical Composition of the Materials Used to 135
Fabricate Specimens and Tanks
2 Weld Settings Used for Fabrication of Aluminum 136
and Titanium Tanks
3 Mechanical Properties of 2219-T87 Aluminum Plate 137
4 Static Fracture Toughness Data of 2219-T87 Alumi- 138
num Plate
5 Sustained Load Flaw Growth Data for 2219-T87 139
Aluminum at Room Temperature (Groups I and II)
6 Sustained Load Flaw Growth Data for 2219-T87 140
Aluminum at Room Temperature (Groups III and IV)
7 Sustained Load Flaw Growth Data for 2219-T87 141
Aluminum at Room Temperature (Group V)
8 Sustained Load Flaw Growth Data for 2219-T87 142
Aluminum at -320°F (Groups I and II)
9 Sustained Looad Flaw Growth Data for 2219-T87 143
Aluminum at -320°F (Groups III and IV)
10 Sustained Load Flaw Growth Data for 2219-T87 144
Aluminum at -423°F (Groups I and II)
11 Combined Sustained and Cyclic Flaw Growth Data 145
for 2219-T87 Aluminum Tested at -320°F
12 Sustained Load Flaw Growth Data for 2219-T87 146
' Aluminum Tanks at Room Temperature
13 Sustained Load Flaw Growth Data for 221 9-‘1‘87 147
. Aluminum Tanks at -423°F |
14 . Mechanical Properties of SAI-Z SSn(ELI) 148
. Titanium :
15 . State Fracture 'I'oughness Data for 5A1-2. 5Sn(ELT) 149
S e 'yitanium T § :

v}

? 1 . D e '
. . > .~ [N “ AN
X i N v !
q oo, v, L, s e ¥
h L S N . ) . \
s N : . o ) u
3 P “ - =



LIST OF TABLES (Continued)

TABLE
NO, PAGE
16 Sustained Load Flaw Growth Data for 5A1-2, 5Sn(ELI) 150
Titanium at ~-320°F (Group I Specimens)
17 Sustained Load Flaw Growth Data for 5A1-Z, 5Sn(ELI) 15)
Titanium at -320°F (Group II Specimens)
18 Sustained Load Flaw Growth Data for 5A1-2, 55n(ELI) 152
Titanium at ~320°F (Group III Specimens)
19 Sustained l.oad Flaw Growth Data for 5A1-2, 5Sn(ELI) 153
Titanium at -320°F (Group ill Specimens Continued)
20 Sustained Load Flaw Growth Data for 5A1-2, 5Sn(ELI) 154
. Titanium at -423°F
21’ Combined Sustained and Cyclic Load Flaw Growth 155
Data 5A1-2,55n(ELI) Titanium at -320°F (Group I
Specimens) '
22 Combined Sustained and Cyclic Load Flaw Growth 156
Data 5A1-2, 55n(ELI) Titanium at -320°F (Group II
Specimens )
23 Sustained Load Flaw Growth Data for 5A1-2,5 Sn(ELI)157

Titanium Tanks at -423°F

i

W

A L A : . ) m/g.,r [
' . ~ . e S o
4 ' N
.~ « w




1.0 INTRODUCTION

Cryogenic pressure vessels used in extended space missions will be
subjected to both multiple pressure cycles and prolonged periods of
time at a relatively constant pressure, The success of the mission

is dependent upon the prevention of premature vessel failure, i,e.,
either vessel leakage or catastrophic fracture, In order to prevent
failure it is necessary to predict with a reasonable degree of accuracy
the minimum possible service life. If this predicted life falls short of
that required, the design, i.e., materials, stress levels, etc., may
have to be modified,

Excluding the problem of possible service damage such as that due to
meteoroid impact, the minimum life of a pressure vessel depends upun
the largest flaw or defect sizes initially present in the vessel, the
critical flaw sizes required to cause fracture at normal operating stress
levels and the subxdritical flaw growth characteristics of the vessel
materials. With knowledge of the fracture toughness values of the
tankage materials, the applied stress levels, and the appropriate stress
intensity equations, the critical flaw sizes can be predicted. Deter-
mination of the initial flaw sizes depends on nondestructive inspection
procedures, which are of limited value in accurately defining flaw and
size, However, as pointed out in references 1 and 2, a properly
designed proof test will indicate the maximum possible initial flaw

sizes in the vessel, The two types of subcritical flaw growth of concern
are cyclic and sustained stress growth, which may or may not be
aggravated by the service environment.

This report describes an investigation by The Boeing Company from
June1965 to Pecember 1966 on plane-strain sustained flaw growth
in thick-walled cryogenic tanks under Contract NAS 3-6290. The

i



Specific aims of the program were to:

1) Generate fracture toughness and sustained stress flaw growth
data by testing unaxially loaded surface-flawed specimens;

2) Establish how and under what conditions uniaxial data can be
applied to cryogenic pressure vessel design;

3) Verify the applicability of the uniaxial data to cryogenic tank
design by pressure testing surface-flawed cylindrical tanks.
The materials selected for testing were 2219-T87 aluminum plate
1. 25-inch thick and 5A1-2, 5Sn(ELI) titanium plate 0, 188-inch thick,
The aluminum was tested at room temperature, -320°F and -423°F,
and the titanium at -320°F and at -423°F, The room temperature
tests were conducted in ambient air; the -320°F and -423°F tests
were conducted in an environment of liquid nitrogen and liquid hydro-
gen, respect’vely, Flaw growth characteristics of both materials
were estal -ished under sustained and combined cyclic~-sustained
loading conditions.

The report is divided into sections describing experimental approach,
generated test data, and discussion of results, A brief discussion of
the stress intensity equations used in this investigation and the use

of the stress intensity concept in the evaluation of subcritical flaw
growth is precented in Section 2,0. Among elastic solutions discussed
are Irwin's solution for semi-elliptical surface flaw, Kobayashi's
solution for deep surface flaws and Smith's solution for semi-circular
surface flaw as well as his estimates for semi-elliptical deep surface
flaws. Detailed information on materials, fabrication, and iquing.
procedures is listed in Sections 3,0, 4.0 and 5.0, i;'espectively.

The experimental results are presented in Section 6,0, Test.

results for 2219-T87 aluminum and 6A1-4V t,i,t‘anium},faré gropped
according to test temperatures, Specific information on specimen o
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dimensions, test conditions and detailed test results are tabulated at
the end of the report, Following the description of each group of
data there is a graphic summary illustrating major trends. The
overall discussion of test results, their significance and applicability
to cryogenic pressure vessel design are discussed in Section 7.0,
followed by Section 8, 0 containing conclusions.

The information contained in this report is also released as a Boeing
Document D2-114034-1,
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2,0 TECHNICAL BACKGROUND

Following is a brief discussion of the stress intensity equations used
in this investigation and the use of the stress intensity concept in the
evaluation of cyclic, sustained stress and combined cyclic and

sustained stress subcritical flaw growth,
2,1 STRESS INTENSITY EQUATIONS

Relationships between stress intensity, flaw size, and nominal stress
field have been derived for a number of crack geometries and loading
conditions. In order to predict pressure vessel performance, solutions
for the semi-elliptical surface flaws are uppermost in importance, To
date several approximate solutions are available,

Irwin (3) first obtained a solution for a semi-elliptical surface flaw in a
plate and estimated that the solution may be valid for flaws with depth
up to about one-half the material thickness, As part of the Boeing

(4)

an approximate stress intensity solution for deep flaws having small

research and development program (IR&D), Kobayashi' ™’ arrived at

depth-to-length ratios, i.e., a/2c values. Smith derived a solution

for the semi~-circular flaw in a semi-~infinite body(s). This solution
prcvided further refinement of the free surface correction Irwin used

in his equation, As part of the Boeing IR&D program, Smith estimated
what the free surface corrections should be for the semi-elliptical
surface flaws in a semi-infinite space (6). He also obtained an
approximation of the stress intensity for the semi-circular surface
flaws which become very deep with respect to the thickness (6).

Using the single-edge~-notch solution, i.e., a/2c = 0 of Gross, et.al., (7
and his solution for the deep semi-circular flaw, Smith roughly
estimated stress intensity factors for deep surface flaws of intermediate

shape, i.e., a/2c ratios between 0 and .5 (6).



The experimental evidence obtained to date suggests that:

1) Irwin's estimated flaw depth limitation of 0, 5t for his
solution is approximately correct;

2) The stress intensity for deep semi-circular flaws can
be reasonably approximated using Smith's solution;

3) The Kobayashi solution for deep flaws provides a reasonable
approximation of the stress intensities for flaws with a/2c
ratios < .30, but may tend slightly to underestimate the
values for very small a/2c ratios;

4) The Smith estimates for deep semi-elliptical flaws will
overestimate the stress intensities for flaws with small a/2c
ratios, i,e., a/2¢c <. 20,

Recognizing the inadequacy of the available stress intensity solutions
for deep surface flaws (particularly for small a/2c ratios), Boeing
initiated an IR&D program late in 1966 to obtain an analytical (numeri-
cal) solution to provide a better stress intensity value for flaw shapes
ranging in a/2c from 0 to 0,5 and for flaw depths approaching the
material thickness. This work is currently being performed and is
scheduled to be completed by fall of 1967,

The stress intensity relationships for the surface flaw obtained by
Irwin, Kobayashi, and Smith are summarized below,

2, 1,1 Irwin Analysis

The Irwin relationship®> for the semi-elliptical surface flaw in a
finite thickness plate is as follows:

| 1/4
K’: =1,1/7 © (a./Q)]’/z‘:--l--z (az cos? g + c? sin? ¢)] / (1)
c : R I —

. % See List of Symbols for definition of terms,



The maximum value of KI occurs at the end of the semi-minor axis of

the ellipse and has the value:

K =11 VT o (a/Q)I/Z (2)

A plot of Q versus a/2c is shown in Figure 1.

The 1.1 coefficient was an estimate to account for the free surface
effect. The equations were believed to be valid for flaw depths up
to about one-half the plate thickness.

2,1,2 Kobayashi Analysis

For surface flaws that have a small depth to length ratio, i,e., a/2c,
but are deep with respect to the plate thickness, Kobayashi assumed
the following form for the stress intensity:

o,/?r?
Kl-llMK (3)

where: My = Mk.fXMkp

Following Irwin (3). the multiplying constant, 1.1, ‘s taken to account
for the effect of free surface on the stress intensity factor,

Mkf is the elastic stress magnitication due to deep flaw in an infinite
strip under the conditions of plane strain,

M‘k .is the stress magnification due to plastic yielding in an infinite
plate under the conditions of plane strain,

A plot of MK' i.e. Mkf x Mkp’ versus a/t is given in Figure 2 for
(0/ o) ='0.4and 0,8 for v =1/3,



2.1.3  Smith Analysis

Smith's (5) linear elastic analysis of a semi-circular surface flaw in a
semi-infinite body resulted in the following stress intensity relation-
ship:

_ 20 /%
K=M, &

This result corresponds to that shown in equations (1) and (2) except
that the 1.1 free surface correction assumed by Irwin is replaced by
the M1 coefficient, which is dependent upon location on the tflaw peri-
phery (Figure 3) and plasticity correction is not incorporated. From
the figure it can be seen that M, varies from about 1. 03 at the point of
maximum flaw depth to 1, 21 at the free surface, Unlike the Irwin
equation the point of maximum stress intensity is predicted at the
surface rather than at maximum flaw depth, However, for most
materials the resistance to fracture is higher at the surface (i.e.,
higher than the plane strain fracture toughness value), so it is probable
that fracture wil. initiate at a point below the surface where the applied
stress intensity becomes tangent to the fracture toughness value. This
is illustrated schematically in Figure 4,

For semi-~elliptical flaws in semi-infinite bodies Smith (3) estimated
the free surface coefficient, M;. This result is shown in Figure 5.
The stress intensity relation thus becomes:

1/2

K, = Ml' o (2/Q) (5)

1
where:

M; =M, [(-%-)z cc‘fsz ® + sin ZG]I‘I"‘[{Z"I-I"‘ 1': “l)f-]

As seen in Figure 5 the point of maxi.mum stress intensity occurs at
the point of maximum flaw depth for all flaws with a/2c ratios less
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than about ., 35 to , 40, This is consistent with Irwin's analysis;

however, the magnitude of the free surface corrections are slightly

less than the 1.1 he estimated. Smith (6) obtained the stress intensity
factors for semi-circular flaws in a finite thickness plate and estimated
the stress intensity factors for semi-elliptical surface flaws in a plate as
a function of a/2¢ and a/t ratios, The resulting relationship is:

K =M M/ /T o@/!/? (©)

Mk' is the finite thickness ( or deep flaw stress intensity magnification)
correction, The Ml'(, versus a/t curve for the semi-circular flaw

and the estimated curves for semi-elliptical flaws with a/2c ratios

of .20, .25 and .30 are shown in Figure 6.

In the analysis of the uniaxial and biaxial fracture specimen data
obtained in this investigation equation (6) was used to determine stress
intensity values. In the previous cyclic flaw growth investigation of
2219-T87 aluminum and 5A1-2, 55n(ELI) annealed titanium, equation
(2) was used to determine stress intensity values. For the majority of
flaw sizes and shapes, i.e., a/2c ratios between .25 and .35 and a/t
values < ,5, used in these two investigations, equations (2) and (6)
result in stress intensity values nearly the same,

2.2 SUBCRITICAL FLAW GROWTH

The use of stress intensity factors in the evaluation of subcritical
cyclic flaw growth was presented in the final report on NASA Contract
NAS 3-4194, "The Investigation of Plane Strain Cyclic Flaw Growth
in Thick Walled Pressure Vessels'" (8).. Briefly, it was shown that
the total cyclic life of a pressure vessel is primarily a function of the
magnitude of the maximum initial stress intensity as compared to



the critical value, i,e., the KIi/KIc ratio, This initial stress intensity
is dependent upon the maximum cyclic stress level, 06 , and the

initial flaw size (a/Q). For a given material, temperature, and load
profile a single KIi/KIc versus cycles curve can be obtained and used
in conjunction with the knowledge of the initial flaw sizes (or maximum
possible size as determined bv a proof test) and the applied stresses

to estimate cyclic life,

Because of the difficulty in making direct growth measurements during
plane strain cyclic flaw growth tests, an ''end point'" approach was used.
In this approach a series of specimens are cycled to failure, the initial
and critical flaw sizes measured off the fracture face, the initial and
critical stress intensities plotted against the total cycles to failure,

Figure 7 shows such a plot for 5A1-2, 55n(ELI) titanium tested in liquid
nitrogen. Several other illustrative and useful ways to plot such data
are possible, One is shown in Figure 8§, The applicability of this uni-
axial fracture specimen data to biaxial stress fields (i.e. pressure
vessels) has been demonstrated and the use of the data in predicting
pressure vessel cyclic life, determining nondestructive inspection flaw

acceptance limits, and selecting design factors presented (1) (2) (8)
(9)

In addition to fatigue it has been shown that subcritical flaw growth and
subsequent failure can occur under conditions of sustained stress (2)
(10), This growth is often environmentally dependent and has generally
been attributed to either stress corrosion or hydrogen cracking, How-
ever, at high stress intensity levels this growth can occur in materials
and environments not normally considered susceptible to these mechan-
isms. The cause of this growth is, at present, unknown, but may be
related to high stressed creep fracture of the plastically yielded mater-
ial at the flaw tip, which exists even though the gross stress field is



elastic.

The intent of the effort described in this report was not to determine the
reasons for such growth, but to determine the conditions under which it

can occur and how it affects pressure vessel service performance.

A series of surface flawed fracture specimens with different initial flaw
sizes and/or applied stress levels (i.e. different initial stress intensity
values) have been tested to generate curves of KI. or KI'/KIc versus time
to failure. Characteristically, it has been found (2) (103 that for a
specific material and environment there is a stress intensity level below
which flaw growth and subsequent failure will not occur, This has been

1 (Z). Further, it has been

hypothesized that below this level time at maximum stress should have

called the threshold stress intensity leve

little or no effect on subcritical cyclic flaw growth rates (2), but above
the threshold failure could occur in as little as one cycle if the time

at stress was sufficiently long. The key to predicting pressure vessel
service performance is thus the accurate determination of the threshold
level, Early experimental efforts utilized a '"No Failure' threshold
critieria whereby a number of specimens were loaded to various initial
stress intensity levels and held until failure or for some predetermined
maximum time. The threshold level was then selected as the KIi
value just above that level where no failures were observed, This
raised the question of whether or not failure would have occurred had
those specimens, loaded just below the threshold level, been held for a
longer time. In an attempt to eliminate nonconservative estimate of
the threshold level, a '"No Growtk - No Failure' threshold criteria was
needed, If the flaws remained stationary with time at load there would
be no reason to believe they would grow with much longer times at
load, and the selected threshold level would be safe for use in design

and service lifc prediction. To prove the flaws did not grow, the speci-
mens that did not fail during sustained loading were subjected to low
stress fatigue and then pulled to fracture, The fracture face was then

10



examined to determine any presence of sustained stress growth, This
general approach was used on a number of specimens tested in this
program and is illustrated schematically in Figure 9.

An alternate procedure for ascertaining any flaw growth is the use of
crack-growth-detection instrumentation during the course of the test
run, Analytical solution of Green and Sneddon (11) for the elliptical
crack embedded in an elastic solid, subjected to the uniform load nor-
mal to the crack surface and at infinity, gives an expression for the
crack-opening displacement; it occurs at the diametrical center of
the elliptical crack and is given by the equation

vz) ca (7)

n =4 (1 -
E ()

By following Irwin's (3) procedure to account for the effect of plastic
yielding in equation (1), the flaw opening displacement for a surface
flaw can be represented as

T = €1 OR (8)

If 170 is measured and C1 can be determined, then values ofa/ /Q
can be computed. In order to achieve this, a strain gage can be placed
over the center of the crack at the face of a surface flawed specimen,

To avoid large local strains, the gage must be left urbonded over

some length, The strain recorded by sucha gag i. be proportional

to the flaw opening displacement, Additional des ~_ "ion of the procedure
for detection of flaw growth in establishing threshold stress intensity
levels is given in Section 4, 1.

Prior to investigation the authors believed the "No Failure' and the 'No

Growth - No Failure' threshold levels could be the same., That is, if
flaw growth occurred it eventually would attain critical sizo and cause

11



fracture, Cwnsequently, any evidence of flaw growth was considered
nnsafe, Ag pointed out in subsequent sections, this no longer appears
to be true. The experimental evidence presented herein suggests that
for some materials '"No Failure - No Growth' criteria can be overly
restrictive and the existence of a small amount of flaw growth may
not necessarily lead to an eventual failure,

12
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3.0 MATERIALS AND FABRICATION PROCEDURES

3.1 MATERIALS

The 5A1-2, 55n(ELI) titanium plate, 0,188 by 24 by 72 inches, was
purchased in the annealed condition per AMS 4910, The interstitial
element conieat was not to exceed the following limits: C = 0, 08
max.; N, =0, 05 max, ; 02 = 0, 12 max, ; Hz = 0,0175 max. ; and
Fe = 0,25 max. The minimum yield strength of the aanealed
material was set at 10C ksi, The 5A1-2, 5Sn(ELI) titanium plates
were of the same melting heat and the same rolling batch, Chemical
composition of the material, as reported by the supplier, was C =
0.025, Fe = 0,15, N, = 0,009, Al =5,0, H, = 0,005 - 0.007, Sn =
2.2, Mn =90, 003, OZ = 0,08, Vendor test results indicated typical
mechanical properties of the material at room temperature to be
Ftu = 122, 5 ksi; Fty = 115,0 ksi; Elong. = 17, 0 percent, This
material heat was designated by the vendor as G-28, All 5A1-2,5Sn
(ELI) titanium specimens were fabricated and tested in the annealed
condition, Chemical composition of the titanium plate is shown in

Table 1.

Weld filler wire for welding titanium tanks was purchased per AMS 4953
except that maximum limits for the interstitial elements were set lower
than those of the plate material: C = 0,01 max.; N, = 0.007 max.; O, =
0,063 max.; H, = 0,005 max.; Fe = 0,09 max, Chemical composition
of the 5A1-2,55n(ELI) titanium wire is also listed in Table 1.

The 2219-T87 aluminum nlate 1,25 x 72 x 120 inches was purchased
per BMS 7-105C (equivalent to MIL-A-8920A ASG) in the T37 solution
heat treated condition, Chemical composition of the material in per-
cent by weight was reported by the vendor to fall within the following
limits: V =0,05t0 0,15; Zr =0.10t00,25; Cu=5.,8tc6,8; Mn =
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0.20t0 0,40; Mg = 0,02 max.; Zn =0,10max,; Ti= 0,02 to 0,10;
Si=0,20 max,; Fe = 0,05 max.; others =0,05 to 0,15, Mechanical
properties of the material at room temperature in the T87 condition
were 71, 4 ksi ulti-aate strength, 58, 7 ksi yield strength, and 9.5 per-
cent elongation. This batch of material (8 plates) was designatc . by
the vendor as Lot No, JE 52388-0, The material was used to fabricate
all tank shells and all test specimens designated by AA, CA, and DA
prefixes, Chemical composition of the aluminum plate is shown in
Table 1,

Weld filler wire used to weld aluminum tanks was 0, 063 inch in dia-
meter and was purchased per BMS 7-75B Type II (equivalent to
ASTM B-285-21T, "Tentative Specification for Aluminum and
Aluminum-Alloy Welding Rods and Bare Electrodes''. Chemical
composition of the 2319 aluminum wire is also given in Table 1.

Several aluminum specimens were fabricated using remnants of the
material used on the NAS 3-4194 program. These specimens were
identified with a "C" prefix. Mechanical properties of the lot, as
reported by the vendor, were 24. 6 ksi ultimate, 12, 3 ksi yield strength,
and 17, 6 percent elongation in the annealed condition and 58, 7 ksi
ultimate, 39.0 ksi yield strength, and 11, 0 percent elongation in the
T62 condition, Chemical compositicn of the material was within the
same limits as Lot No, JE 52388-0, shown in Table 1., Mechanical
properties of the material at room temperature in the T87 condition
were Ftu = 69,5 ksi, Fty = 56,5 ksi, and 15 percent elongation, '

- Toward the end of the program three specimens, designated by "AC"
prefixes, were fabricated from the 2219-T87 plate used on the program
in support of the evaluation of Saturn S-IC tankage materials (Reéf, 12}.
Chemical composition and properties of thit material batch were also
within the BMS 7-105C specification. Méchanical properties of the’
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material in the T67 conaition were Ftu = 69, 2 ksi, Fty = 57, 3 ksi,

3.2 FASRICATION PROCEDURES
3.2.1 Uniaxial Test Specimens

Smooth tensile specimens used for determining mechanical properties
of the annealed 5A1-~2, 55n(ELI) titanium are shown in Figure 10,
Surface-flawed specimens used to determine sustained and cyclic flaw
growth characteristics of the titanium at -320°F and -423°F are
shown in Figure 11,

Smooth test specimens used for the determination of mechanical proper-
ties of the 2219-T87 aluminur: are shown in Figure 12, Surface-flawed
specimens 0, 6~-inch thick are shown in Figure 13, The 0, 6-inch-thick
specimens were fabricated from the 1, 25~inch-thick plate to provide
uniaxial test specimens of the same thickness as the shell walls of the
test tanks. The material used for fabrication of specimens was cut

into specimen blanks, then heat treated from T37 to T87 condition,

All initial flaws in titanium and aluminum surface-flawed specimens
were prepared by using an electric discharge machine (EDM) to intro-
duce initial flaws with a terminating radius of less than 0,003 inch, The
EDM flaws were then extended under low stress tension fatigue., The
maximum cyclic stress level used on 5A1-2, 5Sn(ELI) titanium specimens
was 40 ksi, and for the surface-flawed 2219-T87 aluminum, from 15 to
20 ksi, The number of cycles required to extend the initial flaws varied
from specimen to specimen, depending upon the initial flaw size, but
was usually between 3 and 90 thousand cycles for titanium and between

4 and 25 thousand cycles for aluminum, The specimens were cycled

at 700 to 1200 cycles per minute,
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Low stress fatigue extension is considered part of specimen preparation

for testing and is assumed to have no effect upon measured fracture

toughness of flaw growth characteristics of either material (Reference
1),

3.2,2 Biaxial Test Specimens (Cylindrical Tanks)

Sustained flaw growth characteristics of 5A1-2, 5Sn(ELI) titanium under
biaxial loading conditions were determined at -423°F using 15-inch-
diameter cylindrical pressure vessels shown in Figure 14. Extension
of the EDM flaws was initially scheduled to use low~stress cyclic
prcesurization of a complete tank at room temperature, However, due
to premature titanium weld-metal failures encountered during the course
of the NAS 3-4194 program, the EDM flaws were extended by low-stress
flexing of shell sections. Basic weld settings using a gas tungsten arc
(GTA) welding process are shown in Table 2. All weldments in titanium
tanks were left in the as-welded condition, Shell thickness of the
completed tanks was reduced from , 200 to about . 170 inch by chem-
milling,

Sustained flaw growth characteristics of 2219-T87 aluminum under
biaxial loading conditions were determined using 19-inch-diameter
2219-T87 aluminum tanks shown in Figure 15, Aluminum plate used
for fabrication of the 19-inch-diameter test tanks was break-formed to
make shell sections with 9, 38 internal radius and 30-inches long., The
shell sections were trimmed to size, then welded using GTA welding
process, The basic weld settings are shown in Table 2. The weld edge
preparations are shown in detailed views in Figure 15. The completed
shell was then aged to T87 condition,

Initial EDM flaws in the 2219-T87 test tanks were extended by
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pressurizing the entire tank with *ap water at a cyclic frequency of
about 20-25 cycles per minute, As the first of the aluminum tanks
was tested immediately after the EDM extension, it was discovered
that the material had delaminated during final phases of the EDM
extension, The EDM extension was done at 18, 3 ksi heop stress, In
the second tank, the EDM was extended by cyclic pressurization at a

lower (15,9 ksi) hoop stress. Fractographic examination of the second

tank also rev:a:2d a sizable delamination formed during the EDM
extension,

The problem of delamination was successfully resolved on the third and
fourth aluminum tanks by local submergence of EDM flaws in ligquid
nitrogen during low-~stress cyclic extension of the EDM flaws,

Thermal stresses locally induced by temperature differential in the
shell of the tank were about 4-5 ksi hoop stress, permitting reduction
of hoop stresses, EDM flaws in both tanks were extended by such
pressure-cycles; both had good fatigue extension with no delaminations,
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4,0 EXPERIMENTAL PROCEDURE

4,1 UNIAXIAL SPECIMENS

All room-temperature specimens were tested in ambient atmosphere

in an enclosed building with temperatures ranging between 65 and 85°F,
A strain rate of 0, 005 in, /in. /minute was used on all smooth tensile
specimens until the material yield strength was reached. A strain rate
of 0,02 in, /in, /minute was then used for the remaining portion of the
loading sequence until failure, Static fracture toughness specimens
were pulled at a rate needed to precipitate a complete fracture within 1
to 3 minutes after initial application of the load, The same loading rates
were also used for liquid nitrogen (-320°F) and liquid hydrogen (-423°F)
testing,

The -320°F and -423°F tests were conducted in liquid aitrogen and liquid
hydrogen environments, respectively. The liquid nitrogen was introduced
into a wrap-around cryostat to keep the gage area of each specimen com-
pletely submerged during the entire test sequence, The -423°F tests
were conducted in a similar manner, except that the entire specimen
including grips was submerged in liquid hydrogen.

The sustained load testing was done by subjecting surface-flawed
specimens to a target stress level, then leaving the specimens under
the load for a specified period of time or until failure. Each fractured
specimen was dried with hot air, then protectively wrapped to preserve
it for fractographic analysis and flaw size measurements. Some speci-
mens that did not fail under sustained loading after times ranging from
a few minutes to several days were "marked" by subjecting them to low
stress fatigue similar to initial EDM extension except at slightly higher
stress levels, Purpose of the "marking' was to introduce a differently
textured fatigue area around the periphery of the flaw and thus, upon

18



b =

i g N e

subsequent fracture, be able to determine the extent, if any, of sustained
flaw growth, Marking of the specimens was done usually at the same
temperature and in the same environment used for sustained load testing,
Exceptions were specimens tested at -423°F in a liquid hydrogen environ-
ment and several specimens tested at room temperature and at -320°F,
Several specimens were tested under sustained loading at room temper-
ature but were marked at -320°F, This was done to see possible differ-
ences in flat growth indications as a result of different marking techniques,
Subsequent to marking, the specimens were either pulled to failure, then
examined, or subjected to still another test run under sustained load. In
some instances this was repeatel -wo or three times resulting in several
test runs on the same specimen, In other specimens multiple test runs
in the same specimen were conducted withoui intermittent marking but
rather by raising the load level after a period of time.

A series of titanium and aluminum specimens were instrumented for
detection and measurement of flaw opening displacements during the
test run. Essential elements of such instrumentation excluding
recording equipment are shown in Figure 16. The single strand wire
gage was bonded with Duco or Mithra 200 cement on each end. The gage
sensitivity was determined from the gage resistance, R, gage factor K,
resistance change, AR, and strain using conventional relationship of

€ = AR/RK, Flaw opening measurements were made using standard
readout systems such as BLH SR4 indicators as well as X-Y plotter
systems that were AR calibrated. Since no evaluation of the gage
systems with partially unbounded lengths were made for sustained
load applications in cryogenic environments, it was decided to limit
presentation of the data to qualitative indications of the increase of
resistance as a function of load without calculating actual opening in
terms of micro-inches. Test sequences on all instrumented specimens
followed the same general pattern used for the non-instrumented
specimens. ' '
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The combined cyclic-sustained testing was done by modifying the 0-100-0
trapezoidal loading profile used on NAS 3-4194 program. The modification
consisted of an increased hold time at maximum load from 15 seconds to
2.5 and 30 minutes, respectively, The trapezoidal loading profile was
generated by dividing each cyclic period into four equal parts, The first
part was spent in going from zero load to maximum load; the second in
holding the specimen at maximum load; the third in unloading; and the
fourth part at zero load,

In addition to the specimens tested under modified trapezoidal loading,
selected specimens were tested at cyclic frequencies of 34, 5, and 2
cycles per minute, The load profiles in 5 and 2 cycles per minute were
essentially trapezoidal, but the 34 cycles per minute profile was generated
by the sinusoidal load programmer, All cyclically loaded specimens

were tested until failure, Fractured specimens were protectively

wrapped and subjected to fractographic analysis and flaw size measure-
ments,

Fractographic technique used for flaw size measurement has been developed
during the experimental effort sponsored by the NASA Lewis NAS 3-4194
program (Reference 8) and essentially consists of a beam of white light
passing through the first polaroid filter, which is positioned so that its
plane of polarization is parallel to the upper edge of an optical glass
reflector. Light transmitted through the first filter is plane-polarized
and reflected from the glass plate vertically downward on fracture speci-
mens without rotating the polarization plane., Upon striking the specimen
surface, some of the plane~polarized light rays are reflected under a
shallow angle with respect to the horizontal plane and are scattered
outside the optical axis of a camera, Others are reflected upward,

pass through glass plate without rotation, and then are cross~palarized
by the second polarizing screen, Still other rays strike the somewhat
obliquely oriented flat surfaces and are reflected upward with resultant
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rotation of the polarizing plane, These rays pass more readily through
the second polarizing plate and are recorded on the film, The degree of
shading or contrast attained is apparently a measure of relative density
and distribution of reasonably flat and obliquely oriented surfaces.,

Initial and critical surface flaw dimensions were determined directly
from fractographs showing outlines of initial and critical flaw regions,
Depth of the flaws (a~-dimensions) were measured directly from the
fractograph, Flaw lengths, due to flaw shape irregularities, were
calculated first by planimetering flaw area, then calculating the surface
flaw length (2c-dimension), assuming the shape to be truly elliptical,
Static fracture toughness (ch) and applied stress intensity levels for
all specimens were calculated using equation (6).

4,2 BIAXIAL SPECIMENS (CYLINDRICAL TANKS)

Sustained testing of cylindrical tanks was done by pressurizing a given
test tank to a desired hoop stress and holding at that pressure for a
predetermined period of time or until failure., A schematic diagram of
a pressure and control system used for room temperature testing of
aluminum tanks is shown in Figure 17. Testing of the aluminum tanks
at -423°F was done using two different pressure systems, One system
utilized a cryogenic pump of 20 gallons per minute pumping capacity at
6000 psi outlet pressure; the other, high pressure helium bottles.
Schematic representation of the two systems is shown in Figures 18
and 19, respectively.

Care was exercised to protect fracture surfaces from staining or other
damage that would obscure evidence of flaw growth. Each aluminum
tank had two identical flaws. - Titanium tanks were fabricated earlier
and contained only one flaw each, but each flaw was the same shape and
size, Flaw marking in the tanks, whenever the tank did not fail during
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the test, was accomplished by subjecting each tank to a repeated
pressurization at relatively low pressure levels, Marking of some
flaws was done by removing a portion of the shell containing surface
flaw, straightening adjacent regions or by welding straight extensions
when necessary. The flaw-containing portion of the shell was then
marked as if it were an ordinary uniaxial surface-flawed specimen,
Subsequent to marking the portion of the shell was pulled to failure

to expose fracture faces for fractographic examination,

One aluminum tank, after burst at lower than expected pressure level,
was sectioned to determine fracture toughness of the shell material and
to compare it with the uniaxial data. A portion of the material was cut
from the shell, straightened (except for about one inch in the middle),
and a surface-flawed specimen machined from it, To eliminate the
curvature and yet not iniroduce residual stresses, thickness of the
entire specimen was machined down from 0, 60 to 0,4 inch, The
specimen was then EDM flawed, fatigued, and pulled to failure at
-320°F in the usual manner,

Creep characteristics of the 2219-T87 aluminum and 5A1-2, 55n(ELI)
titanium were spot-checked by testing standard creep specimens at

room temperature in ambient air and at ~320°F in a liquid nitrogen
environment, The creep data was generated only to the extent necessary
for comparison of the behavior of the two materials under sustained load
in the absence of an artificial flaw,
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5.0 TEST RESULTS

5.1 2219-T87 ALUMINUM TEST DATA
5.1.1 Mechanical Properties and Static Fracture Toughness

Mechanica! voperties of the 2219-T87 aluminum plate were determined
at room temperature, -320°F and -423°F in ambient air, liquid nitrogen,
and liquid hydrogen environments, respectively., Two smooth tensile
specimens were tested at -423°F and one each at -320°F and at room
temperature. All specimens were pulled in the long transverse grain
direction, i,e., the plate rolling direction was transverse with respect
to the longitudinal axis of the specimens, Table 3 lists ultimate strength,
0.2 percent offset as well as 0, 02 percent offse* yield strength, elongation
in 2,0 inch gage length and percent reduction of area. The results are
plotted in Figure 20 as a function of test temperature and compared with
similar data generated during the course of NAS 3-4194 program.
(Reference 8), Solid lines in Figure 20 are directly abstracted from

the NAS 3-4194 final report NASA CR-54837,

Static fracture toughness ol 2219-T87 aluminum was determined at room
temperature, -320°F and at -423°F, Three surface-flawed specimens
were pulled at each ternperature. All specimens were pulled in the long
transverse grain direction. Specimen dimensions, flaw sizes, and
calculated fracture toughness values are listed in Table 4 for all three
test temperature, The results are plotted in Figure 21 and compared
with similar data generated during the course of NAS 3-4194 program,
The solid line in Figure 21 represents static fracture toughnees values
reported in the NAS 3-4194 final report,
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5.1,2 2219-T87 Aluminum (Sustained Flaw Growth at Room

Temperature)

Sustained flaw growth characteristics of 2219-T87 aluminum at room
temperature were investigated by testing five groups of specimens,

The Group I test series was designed to provide information on sustained
stress threshold level; Group II, tc verify that information by testing
specimens for prolonged pericds. Test specimens in Group III were
used to generate data with shorter hcld time at sustained stress.

Group IV specimens were used to check the effect of flaw marking
techniques. These specimens were marked at -320°F ratker than at
room temperature, Finally, Group V test specimens were instrumented

for detection and measurement of the flaw opening displacements,

5.1.2,1 Group 1 (Room Temperature)

A total of ten specimens were tested. Specimen dimensions, test con-
ditions, and flaw size measurements are listed in Table 5, Group 1
section. The make-up of the table is typical for all aluminum fracture
toughness spec’.nens aad consists of 14 majo: heauings, The first four
list specimen i 2ntification number, specimen size, conditions of cyclic
extension of the EDM flaws, and flaw size before the test run, The
fifth shows conditions of the sustained test run in terms ui temperature,
maximum stress level, time in hours at maximum stress and applied
stress intensity level K, as calculated at the point of maximum flaw
growth, The distinction was necessitated t.y the fact that in some
specimens the extent of flaw growth was largest in the direction o.her
than the maximum depth, i,e,, @ # 0,

Flaw size after the test run, angular direction of maximum flaw growth, -
a , actual flaw growth increment as measured perpendicularly to the
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fiaw curvature at the point of maximum flaw growth and the calculated
K level at that point are shown under the sixth heading, Conditions of
flaw marking, flaw size after marking and fracture stress at failure

are shown under the next three headings,

The next four columns list KIc values calculated at the point of maxi-
mum flaw depth along minor axis, l.,e., @ =0, K; values at « £0,
KIi/KIc ratio of initial to critical stress intensity calculated at the
beginning of the test run, and KIf/KI o Tatio of stress intensity calculated
at the point of largest flaw growth increment at the end of the test run,

i, e., using final dimensions of the flaw, The last column shows symbols
used to represent corresponding points in the graphic presentation of

the results,

5.1.2,2 Group II (Room Temperature)

This group consists of two specimens subjected to sustained loading for
a prolonged period. Pertinent specimen and flaw dimension as well as
test conditions are listed in Table 5, Group II section, One specimen
was held at the load for 123, 7 hours, the other for 115, 6 hours,

5.1.2,.3 Groﬁp III (Rocm Temperature)

These specimens were tested to provide greater variation of time at
sustained loading, Detailed information pertaining to specimen
dimensions and test conditions is shown in Table 6, Group III section,
Make-up of the table is identical to Table 5. The material used to fabri-
cate all specimens except specimen No, CA-44 came from a portion of a
plate used in NAS 3-4194 program, Hold time at maximum stress
covered a range from 0, 02 to 30, 0 hours,
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5.1.2.4 Group IV (Room Temperature)

This group was added to the program after it was discovered that
marking at -320°F eliminated some flaw growth indications produced
b, marking at room temperature for stress intensity levels below
22.C ksiJin, Test results for this group of specimens are listed

in Table 6, Group IV section. These specimens were flaw marked
at -320°F,

5.1.2.5 Grour V (Room Temperature)

These specimens werc tested to generate flaw opening displacement
data that in turn could te r:lated to the flaw growth. The results are
summarized in Table 7, Group V section., Table make-up is the same
as those preceding., Specimen CA-34 was loaded to progressively
higher stresses until flaw opening continued to increase without
correspondiing increase of stress level, The loading was then stopped
until flaw growth (increase in flaw opening) ceased. Four such runs
were made initially covering stresses of 27.9, 32,5, 32.2, and 41,8
ksi, The fourth run continued for 18,7 hours; the specimen was then
unloaded and marked at room temperature, During the four runs of
0.4, 1.1, 1.3, and 18,7 hours, the flaw increased by 0, 012 inch,
Summary of the flaw opening displacement indications for the 18, 7 hour
run is shown in Figure 22, In the column of '"Flaw Size After the Test
Run'' under "Flaw Depth", a flag note D indicates that incremental
flaw growth for individual test runs could not be readily established,
After marking, the specimen once again was subjected to sustained
load testing under progressively higher stress levels, After the final
test run at 43, 1 ksi for 0.2 hour, the specimen broke at 43, 7 ksi in

an effort to reach 44, 4 ksi stress level,
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A second specimen (DA-33) was similarly tested in two sequences, A
complete set of graph charts for flaw opening versus time to failure
records for the first test sequence is shown in Figures 23 and 24, The
sequence was started by applying load at ten percent increments of the
full scale deflection and allowing a minute or two waiting period to mark
position of the pen on the chart., The purpose of incremental loading
was to check linearity of crack opening as a function of load level, As
a load corresponding to the load index value of 70 percent was reached,
the flaw opening continued to increase while the load remained at a
steady level of 70 percent., Suspecting possibility of a gage creep, the
load was dumped to zero; in about ten minutes the specimen was re-
loaded to 70 percent. The gage stretched plastically during the first
loading sequence to 70 percent and did not react to increasing loading
until 60 percent level was reached., At 60 percent level, the strain-
load relationship did not appear to have been impaired by prior plastic
stretching of the gage as judged by the same span between 70 and 60

) percerit level indications during the second load sequence. The record-
ing pen was reset to the original zero and the load was raised to a new
target value of 75 percent (full deflection of 100 percent corresponds
in this case to 260,000 1bs, load). The specimen was then left at that
load for 16, 6 hours, after which it wvas unloaded and marked by
subjection to 2,000 cycles at 32. 1 ksi stress level,

Strain gage output versus time for the second test sequence (after the
cyclic marking) is shown in Figure 25. As seen from the load index
numbers on the trace, the gage did not respond until 60 percent load
index number was reached, Upon reaching the 70 percent level the
strain gage output between 60 and 70 percent was smaller than a
corresponding increase from 60 to 70 percent during the initial load
sequenée (see Figure 23), The increase in load to 78.2, then to 80,3
percent load index value resulted in continued increase of flaw opening.
The spacimen was left at that load until fracture,

»
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5.1.2.6 Data Analysis for 2219-T87 Aluminum at Room Temperature

The combined test data generated for the 2219-T87 aluminum at room
temperature is plotted in Figure 26 in terms of KH‘/KIC ratio versus time
to fracture or at sustained load. All specimen test runs are divided in-
to four categories: those that did not fail and showed no evidence of flaw
growth; those that did not fail but had small amounts of flaw growth
followed by apparent arrest; those that did not fail during the test run
but exhibited appreciable amounts of flaw growth in the manner preclud-
ing certain arrest; and those that failed under the sustained loading,

The No-Failure threshold stress intensity ievel was established by
visually fitting a curve to separate data points representing sustained
load failures and flaw growth with no apparent arrest from the specimens
exhibiting small amounts of flaw growth with subsequent arrest as

well as specimens with no indications of flaw growth, The No-Growth
threshold level line was drawn to separate the latter two categories of
specimens, i,e., those showing no flaw growth and those showing some

flaw growth with subsequent arrest,

The distinction between arresting and unstable flaw growth in 2219-T87
aluminum at room temperature is illustrated in Figure 27 by plotting
the data in terms of KI/KI c ratio versus time to failure or at sustained
load. The main difference in this manner of presentation as opposed to
that in Figure 26 is that the K;/K,  ratio reflects changes in applied
stress intensity level as a result of flaw growth during the test run,

At the beginning of the test run the KI/KI o Tatios are calculated using
K;s at the end of the run the XI/KI . ratios are calculated by using K,
to reflect increase in stress intensity due to the flaw growth, The
progressive increase in stress intensity is tracked by grouping speci-
mens with nearly identical initial stress intensity levels and following"
along the best-fit line through their respective terminating KIf/KIc ‘

points, In several instances direct flaw epening measurements were
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available to assist in shaping the lines, The No-Failure and the No-
Failure - Mo Flaw growth threshold stress intensity level lines were
then drawn to separate corresponding groups of specimens and provide
substantiation of the similar grouping shown in Figure 26, See Section
6.2, 1 for detailed discussion of results shown in Figures 26 and 27.

5.1.3 2219-T87 Aluminum (Sustained Flaw Growth at -320°F)

Sustained flaw growth characteristics of 2219-T87 aluminum at -320°F
were investigated by testing four groups of specimens: Group I speci-
mens were used to establish threshold stress intensity level; Group II
to verify threshold stress intensity level by subjecting specimens to
sustained loading for prolonged periods. Effect of initial flaw extension
technique upon sustained flaw growth was checked with specimens of
Group III; Group IV specimens were instrumented for detection and

measurement of flaw openiag displacements,

Fom

5. 1. 3. 1 Group I ("320°F)

A total of nine specimens were tested, Specimen dimenaions, test con-
ditions and flaw size measurements are listed in Table 8, Group I

section., Initial stress intensity values (Kii) were calculated for all
specimens at the point of maximum flaw growth, KIf values were calculated
including the extent of flaw growth during the test run. KIc values wezre
calculated only for the specimens deliberately pulled to failure, In othor
cases average K‘[c value for the material was used,

5.1.3.2 Group II (-320°F)

Two specimens were tested in this group: CA-40 and CA-48, Test results
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are listed in Table 8, Group II section., Specimen CA-40 was held at
maximum load of 43, 3 ksi for 120, 0 hours, The flaw was then marked
and the load increased to 48, 7 ksi, The specimen failed after 0.2 hour
at that load. Specimen CA-48 was held at 2 maximum load of 37,9 ksi
for 125, 1 hours, then marked and pulled to failure, Marking of both

specimens was done at -320°F,

5.1,3,3  Group III (-320°F)

Test results are listed in Table 9, Group III section, Specimen AC-7
had prior load history at room temperature, (See Table 6, Group IV
data). At the end of room temperature test run this specimen was
marked at -320°F, then subjected to sustained load at -320°F, The
initial flaw for the -320°F test run was initiated at -320°F, It is
assumed that prior exposure to sustained load at room temperature
affected oniy the region that was subsequently traversed by the -320°F
marking, Specimen AC-7 was subjected to stress intensity at 26, 9 ksi
Jin for one hour, then marked and pulled to failure at -320°F, No
indication of any flaw growth was present. Specimen AC-9 was subjected
to two test runs of one hour each, The first run was at KIi of 22,7 ksi
Jin and the second at K, of 31.1 ksi fIn. After the second test run,

the specimen failed during cyclic marking at -320°F with the flaw almost
ccmpletely growing through the thickness,

5,1,3,4 Group IV (-320°F)
Both specimens in this group (AA-59 and DA-36, Table 9, Group IV
section) were instrumented for detection and measurement of flaw

opening displacements during sustained load test runs., Single wire
strain gages in both specimens were applied to provide a slack in the
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unbounded portion of the gage. In this manner the extent of plastic
straining of the gage d:-ing testing was reduced. Flaw opening curves
for both specimens are shown in Figure 28,

Specimen AA-59 had the largest flaw and was subjected to lower stress
levels., The loading was done in three increments of 5 percent total
scale deflection, Upon reaching load index of 59.1 percent the speci-
men was left for 0,37 hour, As the flaw remained stable, the load was
raised to 60, 9 percent of 38, 6 ksi level. The specimen was left at that
load for 16. 0 hours, then the load was raised to 39, 6 ksi as it appeared
that flaw remained stationary (no increase in flaw opening). After 0,4
hour at that load the flaw still appeared stable and the load was raised
once more, now to 40, 6 ksi, or a load index of 64,0, The flaw opening
began to increuse rapidly and the specimen failed within 30 seconds,

Specimen DA-36 had a considerably smaller initial flaw than specimen
AA-59, In order to generate the same initial stress intensity of about
38 ksi fin the specimen was stressed to a high stress level of 56, 3 ksi,
The specimen was loaded in two stages, first to 80 percent index level
in increments of 10 percent, Due to deliberately introduced slack in
the single gage wire, the gage did not respond until a 1oad value of 60
percent was reached. Upon reaching the 80 percent level the load was
dropped first to 70, then to 60 percent level, then raised in several
increments until 88. 7 percent level was reached, Immediately upon
reaching that load, the flaw opening displacement increased at a
gradually faster rate until the specimen failed under sustained loading
at the end of 0, 3 hour,

5.1.3.5 Data Analysis for 2219-T87 Aluminum at -320°F

The combined test data generated for the 2219-T87 aluminum at -320°F
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is plotted in Figure 29 in terms of KIi/KIc ratio versus time to failure
or at sustained load, The -320°F test data are divided into four cate~
gories with respect to the extent of flaw growth, just as were the room
temperature data points. The No-Failure threshold stress intensity
line is drawn below data points depicting failures and flaw growth with
no apparent arrest, The No-Growth threshold stress intensity line is
drawn between data points for small amount of flaw growth with sub-
sequent arrest and data points with no flaw growth indications, Included
in the figure is a sustained load test data point obtained using a 35~inch
diameter pressure vessel in the course of the material evaluation for
Saturn S-IC tankage on NAS 8-5608 program,

The arresting and unstable flaw growth in 2219-T87 aluminum at -320°F
is illustrated in Figure 30, The plot iz similar to the one used to repre-
sent room temperature data in Figure 27. The KI/KIc ratios are
calculated at the beginning and end of each test run, The No-Failure
threshold level is established by separating test runs with unstable

flaw growth from the ones that were stabilized, Test results generated
during the course of the Saturn S-IC program are also included.

5.1, 4 2219-T87 Aluminum (Sustained Flaw Growth at -423°F)

Sustained flaw growth characteristic of 2219-T87 aluminum at -423°F
were investigated by testing two groups of specimens, Specimen
dimensions, test conditions and flaw sizes for both groups are listed

in Table 10. The Group I specimens were tested to determine the
threshold stress intensity level. Initial flaw depths for different speci-
mens varied from one third to one half the specimen thickness, Duration
of test run for each specimen in this group was between 10 to 12 hours.
All specimens were marked and pulled to failure at rocm temperature,
With the exception of specimen CA-45, static fracture toughness, as

32

Jro-



measured in the specimen after exposure to sustained loading at -423°F,
was very close to the average room temperature value, Examination of
specimen CA-45 revealed a sizable delamination at the tip of a flaw
apparently formed during flaw marking, Fracture face of this specimen
was photographed using ordinary illumination and is shown in Figure 31
together with a cross section view of the specimen. The high value of
39, 7 ksi/in apparently was caused by delamination at the tip of the flaw,

Specimen DA -18 was the only specimen tested in Group II, The initial
flaw was deeper than expected, thus generating a stress intensity of 37,8
ksi /in or 86 percent of the KIc’ The specimen was unloaded at the end
of 44 hours, marked, then pulled to failure, There was a flaw extension
of 0,010 inch,

5.1.4.1 Data Analysis for 2219-T87 Aluminum at -423°F

The available test data for the 2219-T87 aluminum tested at -423°F

are plotted in Figure 32 in terms of KIi/KIc ratio versus time at
maximum load. The same data are plotted in terms of KI/KIc ratio
using KI values at the beginning and KIf at the end of each test run in
Figure 33, The No-Failure and the No-Growth - No Failure threshold
stress intensity levels were estimated to fall at 87 and 75 percent,
respectively, The two points at about 88 and 89 percent of the KIc
value were considered to represent unstable flaw growth although
increase of the flaw size in these specimens was not rapid enough

to preclude arrest i the test sequence was continued for a longer period,

5.1.5 2219-T87 Aluminum (Combined Cyclic-Sustained Flaw
Growth at -320°F)

This work was done with the intention of combining cyclic flaw growth data
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obtained in previously concluded NAS 3-4194 program (Reference 8)
with the sustained flaw Jrowth data generated on this program, Speci-
mens were tested under cyclic loading but with different hold time at
maximum stress level, The purpose of the test was to show that if
hold time at maximum load is varied and the specimens in question
are subjected to stress intensity below the threskold level, there will
be little if any effect upon cyclic life, If, on the other hand, similar
specimens are subjected to stress intensity above the threshold stress
intensity level, there will be a significant etfect upon cyclic life, Two
groups of gpecimens were tested for this purpose. The first group
was subjected to stress intensity levels below the threshold level; the
other, above.

5.1.5.1 Group I (Cyclic-Sustained at -320°F)

This group consisted of six specimens, Specimen dirnensions, test
conditions, and flaw size measurements are listed in Table 11, Group I
section. Specimens AA-56, -55, and -6 contained deep initial flaws
(about 50 percent of thickness) an¢ were cycled at relatively low stress
levels, Specimens DA-29, -26, and -30 had shallow initial flaws (about
25 percent thickness) and were cycled at somewhat higher stress lavels,
Since all specimens in this group were targeted at stress intensity levels
below the threshold value, cyclic life was expected to be comparable to
the values generated in the NAS 3-4194 program.

5.1.5.2 Group II (Cyclic-Sustained at -320°F)

A total of nine specimens were tested. Specimen dimensions, test
conditions, and flaw size measurements are listed in Table 11, Group II
section. Five specimens coded with an AA prefix contained dceop flaws
and were subjected to relatively low but considerably higher stress
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levels than those applied to comparable specimens in Group I, The
resultant stre-ss intensity levels were to be higher and the specimens,
while under cyclic loading with prolonged period of time at maximum
stress levels, were expected to fail sooner, Specimens coded with the
DA prefix contained small flaws and were subjected to higher stress

lev. 12, Likewise, they were expected to fail sooner than comparable
specimens in Group I. Specimen AA-57 was a rerun of specimen AA-53,
Due to malfunciion of equipment, specimen 4A-53 received several over-
loads during cyclic testing and was deliberately pulled to failure at the
end of 48 cycles., All remaining specimens failed under cyclic loading
at -320°F,

5.1.5.,3 Analysis ¢. Combined Cyclic-Sustained Test Results for
2219-T87 Aluminum at -320°F

The combined cyclic-sustained flaw growth data for the 22.9-T87
aluminum at -320°F are plotted in Figure 34 in terms of KIi/KIc

ratic versus cycles to failure, The KI c value used in calculations is

the average fracture toughness of 41, 8 ksi /in as determined eazlier

by testing three static test specimens at -320°F, The KIi values were
computed using equation (6), except that in place of depth correction
factor Ml: an average valus 1/2 (M;c + M!:i) was used, In this manner,
cyclic life of specimens with deep flaws was compensated for the effect
of flaw depth and could be compared with cyclic life established for
specimens with shallow flaws, Tha M; factors also should have been
replaced with ths average value 1/2 (M{c + M;i). However, as is evident
in Tabie 11, the a/2c values were changing very little as the flaw
increased in depth until critical value was reached; and since M{

is a function of the a/2c ratio only for a = constant (in this case a = 0),
the M; calculated for initial flaw size was considered sufficiently
accurate for use on deep flaws,
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The solid line passing through the pcint on the ordinate corresponding
to KIi/ K, ratio equal to one in Figure 34 and extending to the right
into 5000 cycles region has been directly abstracted from NASA CR-
54837, This line represents cyclic fllaw growth data generated on

NAS 3-4194 using shallow-flawed 2219-T87 aluminum specimens tested
at -320°F, The data points shown in Figure 34 represent information
obtained on the present program., The time at maximum load is depicted
by the symbols noted in the legend. The threshold stress intensity line
is drawn just below the points departing from the solid line as a result
of longer hold time at maximum load, One exception is specimen

DA -28 with considerably shorter life than could be expected, since
time at maximum load was only 0, 007 minute, Fractographic exam-
ination of specimen DA-28 and a thorough review of loading record

failed to reveal any discrepancies that would explain shorter life span,

The same combined cyclic-sustained flaw growth data is represented

in a somewhat different way in Figure 35, This data is plotted in

terms of applied stress intensity KIi as listed in Table 11 versus
actual-to-calculated cyclic life ratio, Actual cyclic life in number of
cycles to failure was taken directly from Table 11, The calculated
cyclic life was derived by using cyclic flaw growth rates, as established
and reported previously in the NAS 3-4194 program, and initial and
critical flaw dimensions as measured on specimens tested on this

program. Cyclic life was calculated as follows:

Each region of cyclic flaw growth from initial to critical value was
divided into equal parts; in this case, five increments were used,
For each increment an average KIi value was calculated using equation
(6). If applied stress level was close to the 45 ksi, as in specimens

trs,

~ i =N
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DA-29, -26, and -30, the average flaw growth rate [d(a/Q)/dN in

- inch per cycle] for that increment of flaw growth was taken directly
irom Figure 62 in NAS 3-4194 final report NASA CR-54837. Knowing
the A(a/Q) for the increment, a total number of cycles { A N)
required to traverse that distance for a given KIi stress intensity level
way calculated. The process was repeated for the remaining incre-
ments and total calculated cyclic life for the specimen was arrived at

by adding all AN quantities.

In cases when applied stress levels varied widely from the one used

in establishing Figure 62 (NAS 3-4194 report), cyclic flaw growth
data as reported in CR-54837 for 2219-T87 aluminum at -320°F

under 0-100-0 cyclic loading profile was recalculated to get flaw
growth rates {d/dN of a/Q in micro-inches per cycle) for a correspond-
ing stress level, The reasons for doing so are discussed in Section
6.1.3 of the NASA CR-54837 report (Reference 8). Resorting to this
technique, it was possible not only to account for the effects of deep
flaws but also to compare actual flaw growth rates with those obtained
from the end-point-analysis of NAS 3-4194 data. The threshold stress
intensity line is drawn just below the points exhibiting significant
departure from the calculated cyclic life, At this point it may be of
interest to compare the threshold stress intensity levels shown in
Figures 29, 30, 34, and 35,

5.1.6 2219-T87 Aluminum Tank Tests
Two 2219-T87 aluminum test tanks were tested at room temperature,

Pertinent tank dimensions, condition of EDM extension, flaw sizes
before and after testing, duration of test runs, test conditions, and
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final burst together with flaw marking data are listed in Table 12,
The first tank (Serial No. 0001) was pressurized to a hoop stress of
33. 2 ksi and held for 178 hours. The hoop stress was calculated by
PR/t f.rmula using nominal internal radius of 9.7 inches, internal
pressure of 20650 psi and actual sheil thickness in the vicinity of the
flaw (in this case 0,600 inch), The tank flaw was marked in two
stages, There were 500 pressure cycles at an equivalent hoop stress
of 18, 3 ksi and additional 2500 cycles at a hoop stress of 19,4 ksi,
Upon conclusion of the marking the tank was burst at a hoop stress of
42,7 ksi with a resultant K c value of 32,1 ksi/in at the point of

maximum flaw growth,

I

Fractographic examination of fracture~ « :ctions revealed that (1)

the first {law in the tank showed a severs delamination at the tip of the
EDM extension and (2) flaw growth to the extent of 0,012 of an inch was
along 78 degree line from the minor axis of the ellipse (a~-direction),
Data points for the first tank are plotted in Figures 26 and 27 along
with the uniaxial data for room tempe.ature testing. The overall
appearance of tank Serial No. 0001 after the burst test with a close-
up view of the fracture origin is shown in Figure 36,

Since the sustained test run of the first tank at K;, of 23.9 ksi/in
resulted in flaw extension, the second tank was subjected to lower K
value of 21, 2 ksi/in, The tank was held at the load for 132 hours,
then marked and burst at room temperature, The resultant KIc value
at the point of maximum flaw growth ( @ = 71 degrees) was 32, 1 ksi/in,
The flaw was still delaminated at the tip and, as in the first tank, there
was a flaw growth ( 0, 010 inch along 71 degree line from minor '
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axis of the ellipse.) Data points for the second tank are also plotted
in Figures 26 and 27. Second flaw in tank Serial No, 0002, as well

as the one in the first tank, were sectioned and photographed to show
the extent of delamination. Figure 37 shows cross sectional view of
the two flaws., The initial as well as end point values (KIC’s) for the
two tanks were augmented by 7 percent as suggested in Section 6,4, 1

in order to compensate for the curvature effect of cylindrical shell,

5.1.6.2 -423°F Tank Test Data

Two 2219-T87 aluminum test tanks were tested at -423°F in a liquid
hydrogen environment, Pertinent information on tank dimensions, flaw
extension, test conditions, marking and burst data are summarized in
Table 13, Test data are calculated for both flaws in each tank,

Tank No. 0003 was scheduled for sustained test run at KIi of about 90
percent of the K[c value of 43, 8 ksi jﬁ Malfunction of the cryogenic
pump precluded use of the pressurization system shown in Figure 19,
Instead, a system utilizing high pressure helium bottles (Figure 18)
was used., First, the tank was completely filled and submerged in liquid
hydrogen, then pressurized with helium to 1960 psi; the pressure could
not be sustained and the test run terminated, After modifying the
system with addition of high pressure helium bottles, the tank was
again pressurized for a few minutes to 3190 psi; apparent leaks in the
system forced test termination, Final attempt was made after re-
working the seals and augmenting high pressure helium supply. The
tank burst at 3135 psi pressure level with ensuing explosion and fire

at the test site,

Fractographic examination of the first flaw indicated that the tank was
subjected to a stress intensity level of 42, 2 ksi /In or 96 percent of the
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average KIc value for the material at -423°F, Upon sectioning, the

KIi level in the second flaw was determined at 41, 2 ksi fin, Both flaws
were clear of delaminations, The extent of growth in the first flaw could
not be positively established, Examination of the second flaw (after
cyclic marking of the shell section) revealed flaw extension of 0. 006 inch.
The tank is shown in Figure 38,

Tank No., 0004 was to be subjected to sustained pressure of 2050 psi
with the intent of generating stress intensity below the threshold level.
The cryogenic pump was used in view of the violent burst experienced
with the high pressure helium pressurization system., The cryogenic
pump system was set-up essentially as diagrammed in Figure 19 ex-~
cept that pressure feed back was to be read off the dial and compensated
by manual adjustments. During the first attempt the pump pressure out-
put suddenly increased causing overpressure to 2360 psi. The pressure
was dumped, but on the next attempt the same run-away tendency pre-
vailed, By dropping the pressure to 250 psi the pump v 3 stabilized

and a final attempt to pressurize was made, A new target pressure of
2390 was reached, but upon closing all valves pressure gradually
dropped to 2090 psi in less than a minute, The pump was started to
repressurize the tank, but the pressure overshot the target and the

tank burst at 2620 psi. Chart record of the pressure versus time

plot is shown in Figure 39. Numbers next to the pressure peaks are
pressure readings in psig,

Fractographic examination of fracture faces revealed that tank No, 0004
was subected to 34,4 ksi fin stress intensity level in the first flaw and
34, 8 ksi fin in the second, Fracture originated in the first flaw and

ran longitudinally through both heads and through the second flaw, There
were no delaminations at the tip of either flaw. Calculated values of
stress intensity were augmented by 7 percent to account for shell
curvature, Careful review of load calibration data and pressure gage .
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readings failed to reveal any discrepancies other than relatively rapid
tank loading sequence,

Possible variation of material properties in tank No, 0004 was checked

by removing a portion of the shell and machining a static fracture
toughness specimen from it, The specimen was pulled to fracture at
-320°F with resultant fracture toughness value of 45, 6 ksi fin,

The effect of loading rate was checked at -320°F by programming a
surface flawed specimen AC-5 (not shown in the Tables) through a

loading sequence similar to the one experienced by tank No, 0004,
Calculated fracture toughness value for that specimen was also
comparable to the average fracture toughness K.Ic data for the material,
Both tests suggest that there were no unusual discrepancies in the material

properties.

5,2 5Al-2,5Sn(ELI) TITANIUM TEST DATA

5.2.1 Mechanical Properties and Static Fracture Toughness

Mechanical properties of the 5A1-2, 5Sn(ELI) titanium plate were deter-
mined at room temperature, -320°F, and -423°F in ambient air, liquid
nitrogen and liquid hydrogen environments, respectively, Two smooth
tensile specimens were tested at -423°F and one each at -320°F and at
room temperature. All tensile specimens were pulled in the longitudinal
grain direction, Table 14 lists ultimate strength, 0, 2 and 0, 02 offset
yield strength, and percent elongation in 1,0 and 2, 0 inches gage length,
Seizure of the extensometer rods during testing of specimen TT-3
limited test data for that specimen to ultimate strength and percent
elongation, The test results are plotted in Figure 40 as a function of test
temperature and compared with similar data generated during the course
of NAS 3-4194 (Reference 8) program,
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Solid lines in Figure 40 are abstracted directly from NAS 3-4194 final
report, NASA CR-54837,

Static fracture toughness of 5A1-2, 55n(ELI) titanium plate was deter-

mined at -320°F and at -423°F, Specimen dimensions, flaw sizes, and

test conditions are listed in Table 15, All static fracture toughness
specimens were pulled in the longitudinal grain direction. Average
values for the material at -320°F were established by plotting static
fracture toughness (KIC) together with KIc values obtained during sus-

tained and combined cyclic-sustained testing. The data are summarized

in Figure 41 in terms of KIc versus fracture stress level,

Average value for the material at -423°F was established by summariz-

ing all statically tested specimens together with specimens that failed
upon loading during the sustained load testing, The plot of these data
is shown in Figure 42,

5.2.2 Sustained Flaw Growth at -320°F

Sustained flaw growth characteristics of 5A1-2, 5Sn(ELI) titanium were
investigated by testing three groups of specimens: Group I to provide
information on sustained threshold stress intensity level; Group II

to verify the results of the first Jroup by testing specimens for a
prolonged period and Group III to generate flaw opening displacement
data using automatic recording devices,

5.2,2,1 Groupl

Eleven specimens were tested. Specimen dimensions, flaw sizes,
and test conditions are listed in Table 16, Table make-up is similar

-
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to that for aluminum data. An average KIc for the material of

68, 4 ksi /in was used to cal'culate the KIi/KIc ratios. There was

no cyclic marking of these specimens, l.ikewise, none of the specimens
were instrumented for detection of surface-‘law opening displacement,
Some differently textured regions near the flaw front were noted in some
specimens, but thes: could not be conclusively identified as flaw
extensions during the sustained load test sequences,

5.2.2,2 Group II

Results of the two specimens tested in this group are listed in Table 17,
Specimen 5T-12 was subjected to several test runs at a constant stress
level of 138, 9 ksi. The {first test ran 76. 9 hours, then the test sequence
was interrupted for 16, 7 hours when the specimen was left unloaded.

The specimen was unload:d, warmed to room temperature, and subjected
to 7,000 cycles at 40. 4 ksi stress level to mark the flaw outline and at
the same time increase its size so that the next test run, even though

at the same stress level, would be conducted at a higher stress intensity

(KIi) value,

Upon conclusion of the marking, the specimen 5T-12 was once again
subjected to sustained loading for 92. 3 hours, then marked again at

40, 0 ksi but using 10, 000 cycles, The sustained test run was repeated
for 24,1 hours. The specimen was then marked at room temperature
and puilled to failure at -320°F, Examination of the fractured specimen
using polarized light and an electron microscope suggests that there
was no flaw growth during any of the sustained test runs.

Specimen 8T -3 was tested in a similar manner. There were four

sustained load test runs of 119,7, 39.4, 64,5, and 26, 7 hours,
respectively, Intermittent marking was done after each run. The
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stress level for each run was kept constant at 117, 3 ksi, During the

last run the flow of nitrogen into the cryostat was accidentally interrupted,
the specimen warmed up and failed, Examination of the fractured surfaces
revealed no evidence of sustained flaw growth during the test runs,

5.2.2.3 Group 111

Several specimens were tested in this group, Specimen dimensions,
flaw sizes and test conditions are summarized in Tables 18 and 19,

Two specimens (5T-15 and 5T-18) failed under uninterrupted sustained
load test run, The remainirg specimens were subjected to multiple runs,
Each specimen was instrumented with strain gages to measure flaw
opening displacement during the test,

Specimen 4T-15 wae subjected to sustained load of 158.3 ksi for 21,1
hours. After approximately three hours the load threaded rcd section
of the grips broke and had to be replaced. The specimen was allowed
to warm to room temperature until a new rod was made and installed,
The test was then resumed and continued until the specimen failed at
21.1 hours. The flaw opening measurements were taken manually using
Wheatstone Bridge circuit., Flaw opening displacements for the entire
test run are summarized in Figure 43,

Specimen 5T-18 was subjected to a sustained load of 165, 0 kei for 34,0
hours until failure. The flaw opening displacements were measured and
recorded using automatic tracing device., Composite records of the flaw
opening displacements for the entire run are shown in Figures 44, 45
and 46,

Specimen 5T-48 was subjected to several test sequences with two pro-
longed interruptions between the test runs. The malfunction of strain



gage instrumentation equipment precluded generation of compiete flaw
opening data for this specimen, Fractographic examination of the
specimen revealed stained region at the tip of the initial flaw. Neither
the exact extent nor the time of occurrence could be positively identi-
fied. The specimen failed at the end of the last run.

Specimen 6T-21 was subjected to sustained loading of 156. 8 ksi stress
level for 22.7 hours. The stress was raised to 164, 6 ksi and the speci-
men failed after 0,4 hour at that stress level, There was a total flaw
growth of 0, 017 inch, Composite records of flavi opening displacement
are shown in Figures 47, 48, and 49,

Specimen 9T-29 was subjected to several test runs at progressively
higher stress levels. The flaw opening displacements remained stable
during the sustained test runs until the specimen abruptly failed upon
loading, It was presumed that the specimen did not have any flaw growth,

Specimen 9T-83 was also subjected to several test runs ranging in
sustained stress levels from 117.3 ksi for the first test run to 133, 6
ksi for the last, During the last run the specimen fractured after 0,01
hour at the load, The composite flaw opening displacement charts are
shown in Figures 50 through 53, Some flaw growth took place during
the last test run as indicated by the flaw opening displacements,

5,2.2.4 Analysis of Sustained Load Flaw Growth Data for
5A1-2,55n(ELI) Titanium at -320°F

The data obtained is divided into two groups: (1) data generated using
high stress level (150 to 175 ksi), and (2) data generated using stress
levels below 150 kei, The first group is plotted in Figure 54 in terms
of K;, /K, ratios versus time to failure or at the maximum load, The
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data points within the group are icd=ntified by symbols representing test
runs culminating in a sustained load failure, test runs resulting in no
sustained load failure but an indication of flaw growth, and test runs
that resulted in no failure and no detectable flaw growth, There were
also specimens in which possible extent of flaw growth could not
positively be established. The No-Failuve threshold level line is drawn
below points representing failures and those with observed flaw growth,

The low-to-medium stress level specimens are summarized in Figure
55 in terms of K[i/KIc ratio versus time to failure or at maximum load.
The No-Failure threshold stress intensity level line is drawn above

the points showing no evidence of flaw growth,

5.2.3 5A1-2, 5Sn(ELI) Titanium (Sustained Flaw Growth at -423°F)

Sustained flaw growth characteristice were investigated by testing one
group of 13 specimens, Specimen dimensions, flaw sizes, and test
conditions are summarized in Table 20, The initial flaw depths varied
from 0, 043 inch to 0, 089 inch, and the stresses ranged from 83,6

to 162, 8 ksi,

Upon conclusion of the sustained load test runs specimens were marked
at room temperatures, then broke open at -320°F to expose fracture
surfaces for flaw size measurements, Test specimens that failed upon
loading at -423°F were used to calculate static fracture toughness .
values for the material at -423°F,

5,2,3,1 Analysis of Sustained Load Data for 5A1 2. SSn(ELI)

Titanium at -423°F ] R

Data plotted in Figure 56 in terms of K;, /K, ratio versus time to
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failure or at maximum load is divided into three categories: (1)
specimens that failed under loading, (2) specimens that exhibited
flaw growth, and (3) specimens that had no indication of flaw growth,
The No-Failure threshold level is drawn below the point representing
failure under sustained load. Several points above the line could have
had flaw growth, but conclusive identification was not possible. Some
data points with nc flaw growth are above the line, suggesting data
overlap.

5,2.4 5A1-2,5Sn(ELI) Titanium (Combined Cyclic Sustained
Flaw Growth at -320°F)

This portion of the experimental work provided correlation between test
data generated under NAS 3-4194 program (Reference 8) and the sustained
flaw growth data obtained during the course of the present program. Two
groups of specimens were tested, The first group was subjected to stress
intensity levels below the threshold; the other, above. Each group was
subdivided into kigh and low stress level specimens,

5.2.4.1 Group I (Cyclic-Sustained Tests of 5A1-2, 5Sn(ELI)
Titanium at ~-320°F)

Twelve specimens were tested, Specimen dimensions, flaw sizes and
test conditions are listed in Table 21, Four specimens were cycled to
failure at a high stress level of 162, 2 ksi or 90 percent of the uniaxial
yield strength of the material, The remaining six specimens were cycled
to failure at 138,9 ksi or 77 percent of the uniaxial yield strength. All
initial flaws were confined within one third the material thickness,
Critical flaw depths (flaw depth at fracture) in the four high stress

(162, 2 ksi) specimens were confined within one half the material thick-
ness. Test specimens cycled to failure at a lower stress of 138, 9 ksi
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were brought tu failure with the critical flaws exceeding one half the
material thickness,

Specimens 3T-7 and 3T-10 were cycled to failure at a frequency of 35
and 5 cycles per minute, respectively, The loading profile in specimen
3T-7 was sinusoidal; the loading profilz for specimen 3T-10 was
generated by truncating sinusoidal wave and thus was similar to the
trapezoidal loading used for specimens cycled at low frequency,
Specimen 3T -8 was cycled at a frequency of one cycle per minute under
trapeznidal loading profile, Specimen 3T-50 was cycled to failure while
being subjected to prolonged hold-time (2,5 minutes) at maximum load,

The low stress specimens were cycled to failure in a similar manner
except one additional specimen was tested at cyclic frequency of 2 cycles
per minute and one with hold time of 30 minutes at maximum stress,

5,2,4.2 Group II (Cyclic-Sustained Tests of 5A1-2, 5Sn(ELI)
Titanium at -320°F)

These specimens were tested to determine the effect of hold time at
maximum stress while the specimen is subjected to stress intensity

level above the threshold value, As in Group I, high and low stress
levels were used. Specimen dimensions, flaw sizes, and test con~
ditions are summarized in Table 22, Test specimens coded with 3T
prefix contained small initial flaws and were cycled at high stress

levels (95 percent of the uniaxial yield strength of the material); test
specimens coded with prefix 8T contained larger initial flaws and

were cycled at lower stress level of about 74 percent, Several specimens
broke upon loading or immediately upon reaching the load.

" ¥
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5.2,4,3 Analysis of Cyclic-Sustained Test Results for 5A1-2, 5Sn
(ELI) Titanium at -320°F

" The combined low-stress cyclic-sustained flaw growth data are plotted
in Figure 57 in terms of the KIi/KIc ratio versus cycles to failure.
Various hold times at maximum cyclic stress are identified by the
corresponding symbols. For comparison with previous data, a cyclic
life curve is reproduced from the NAS 3-4194 final report.

High stress test data are plotted in Figure 58 in a similar manner,

For comparison with previously obtained data, a cyclic life curve is
also reproduced from the NAS 3-4194 final report. In addition, a pre-
dicted cyclic life curve shows the correlation between sustained and
cyclic flaw growth data, The predicted cyclic life curve was con-
structed by using 82.percent No-Failure threshold stress intensity level
as determined by using sustained flaw growth data and calculating

cyclic life (number of cycles to failure) for lower stress intensities

but for long hold time at the maximum stress. For example, cyglic

life of a specimen cycled with a frequency of 1 cpm at a stress intensity
level of 82 percent of KIc would be 260 cycles. It may be hypothesized
that the same specimen, if heid for a prolonged period of time at a
stress intensity slightly higher than 82 perczent of the KIc value, would
fail under sustained load or during its first ccle. Subjecting a specimen
to cyclic loading with prolonged hold time ai maximum stress ata KI
level of 75 percent of the KI c value, the specimen would sustain 480
cycles if there were no sustained load interacrion, i,e., if the threshold
level were at 100 percent of the KI c value, H:wever, cyclic life of that
specimen will be reduced because in actual case there will be sustained
load interaction once the threshold value reaches 82 percent level,

The interaction will shorten cyclic life of the specimen by 260 cycles,
or the value of cyclic life in number of cycles to failure at stress in-
tensity level of 82 percent. Thus, cyclic life of a specimen at 75 per-
cent ch level with long hold time at maximum stress would be 480 minus
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260 cycles or 220 cycles. The point corresponding to KIi/KIc of 75

percent and 220 cycles becomes one point on the predicted curve that
can be completed the same way by taking lower KIi/KIc values. For KIi/KIc
of 70 percent, combined cyclic sustained life is 740 minus 260 or 480

cycles, etc.

If the predicted combined cyclic-sustained curve represents cyclic life
with the long hold time at maximum stress, then all specimens tested
at a shorter hold time at maximum stress should fall above the predicted

line. Examination of available data verifies this,

5.2,5 Titanium Tank Tests

Two 5A1-2, 55n(ELI) titanium tanks were tested on this program. Both
tanks were tested at -423°F, Pertinent tank dimensions, conditions of
flaw preparation and testing are listed in Table 23.

The first tank was targeted to be pressurized to 2975 psi. During the
first test attempt, just as the tank was completely submerged in liquid
hydrogen and the pump started, the vent stack from the large dewar
caught fire and the test was aborted; the fire was confined with no dam-
age to the test site or equipment. Another test was made after valve
replacement at the vent stack. The tank was pressurized to a target
pressure level to 2960 psi. The system was sealed, but pressure began
to decay; the pump was periodically used to repressurize the éystem.
During the run of about 1-1/2 hours the pressure fluctuated between

3100 and 2800 psi. The test was terminated as the pump began to cavitate.

At compleiion of the run the tank was pressure-cycled using hydraulic
oil at room temperature to mark outline of the flaw and thus determine
possible extent of slow growth during the sustained load test run, After

<
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subjecting the tank to 5000 cycles at hoop stress of 50 ksi, it was burst
at -423°F in liquid hydrogen. The tank reached a pressure of 4000 psi
(Line limit) but did not burst, The tank was cycled manually until failure.
Upon third cycle the tank burst at 3775 psi. The burst was violent,
scattering tank pieces over the entire test :;rea. Unfortunately, the
fracture faces containing surface flaw were obliterated. However,

since both tanks contained identical flaws an estimate of the resultant
initial and critical stress intensities could be made by using flaw

dimensions from the second tank.

The second tank test was conducted after replacing damaged system
components, The tank was pressurized to 3500 psi and held for 2-3/4
hours, The pump ran smoothly with no pressure peaks and no pump
cavitations, but the system could not be sealed. The pump was put on
automatic control and left running. As a precaution against possible
burst and obliteration of fracture face, the tank was wrapped with two
loose coils of annealed 6061 aluminum sheet 0, 10 inch thick to absorb
burst impact in case of fracture. Upon conclusion of the test run, the
tank was removed from the cryostat and sectioned to examine and
measure the flaw size. There was no flaw growth during sustained load
test run, Calculated K, was 48,9 ksi [in or 90 percent of the K  value
for the material at ~423°F, Using the same initial flaw size for the
first tank resulted in calculated KIc value for that tank equal to 53,6
ksi/fn. The average value for the material at -423°F is 54.5 ksi [in.
Data points from both tanks are plotted together with the uniaxial data *~
in Figure 56,
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6.0 DISCUSSION OF TEST RESULTS

-

Several aspects of the present program warrant additional consideration,
Introduction of flaw opening displacement measurement data along with
the cyclic marking of the flaw peripheries after sustained load testing
provided a better understanding of the flaw growth phenomenon and its
significance, The analytical approach has been broadened to include
lateral flaw growth, limited consideration of the flaws that are deep with
respect to specimen thickness, and interaction between cyclic and
sustained loading conditions. The primary data analysis goal was
realistic assessment of the safe load carrying capabilities of the two
materials under sustained and cyclic loading conditions in the presence
of cryogenic environments,

6.1 THRESHOLD STRESS INTENSITY CONCEPT

As pointed out in Section 2,2, earlier experimental work involving
sustained load testing centered around the idea that by testing a series of
specimens at progressively higher stress intensity levels a curve

would be generated that separates "Failure'' points from '"No-Failure"
points, In application to actual hardware, the usable stress range or

the permissible flaw sizes in the material would be adjusted to insure

that none of the possible pre-existing flaws would generate stress intensity
level (KI) above the threshold level. The approach is safe if the duration
of the laboratory test exceeds the expected time of service by an appreciable
margin, However, in situations where test time is limited or expected
design stress intensity levels are uncomfortably close to the threshold
value, the "Failure - No-Failure" criteria appear to be deficient,

An understanding of the flaw behavior at the stress intensity levels just
below the threshold levels becomes ¢ssential, More sophisticated data
analysis techniques coupled with metallurgical laboratory support
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indicated that for a certain range of stress intensity levels below the
"Failure -~ No~Failure'' curve, flaws actually grew, Indications of
partial growth were presumed to be synonymous with initiation of flaw
growth that would eventually lead to fracture,.

The necessity of describing, then predicting the behavior of crack-like
flaws in a structure is reflected in the objectives set forth in this

program,., Work statement called for flaw growth measurements that,

in selected cases, were to utilize at least two independent techniques,

The two techniques (in addition to generating the Failure - No-Failure

data used on this program) were partial exposure of specimens to
sustained load with subsequent marking after the test run and strain gage
measurements of flaw opening displacements during the test, This
information, coupled with the laboratory analysils utilizing polarized

light and, in some cases, electron microscope fractography, revealed
more specific details on flaw behavior that were not available previously,

It became apparent that in the 2219-T87 aluminum, flaws grew at
relatively low stress intensity levels, But flaw opening displacement data
and tracing of the flaw progression (growth) in several specimens subjected
to similar stress intensity levels lead to the realization that the flaw growth
inception was not always followed by continually increasing flaw growth

and eveniual failure, In fact, very definite indications of a complete flaw
growth arrest were noted in some instrumented specimens. It is necessary,
therefore, not only to distinguish the difference between ""Failure - No
Failure' and '""No Growth - No Failure' criteria, but also between stable
(self-arresting) and unstable (continually increasing) flaw growth, In

the latter case it is presumed that if a laboratory test or a service is
extended the possibility of a failure could not be excluded. In cases of
No-Growth, of course, the possibility of failure may be completely ruled
out. k
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6.2 2219-T87 ALUMINUM DATA

6.2.1 Sustained Flaw Growth at Room Temperature

Directing attention to Figure 26 which summarizes the sustained stress
life data for 2219-T87 aluminum at room temperature, and tc Figure 27,
where the same data is plotted showing progressive increase :f applied
stress intensity level as a result of flaw growth, it may be noted that
while the No Failure threshold stress intensity level is 90 percent of the
K;. for the material, the No Growth threshold is about 63 percent.

Flaw growth records and loading history of several specimens will be
used to illustrate the behavior of flaws at different stress intensity
levels,

Starting at the bottom of Figure 27 and proceeding upward it will be
noted that two specimens (C4-1 depicted by a symbol & , and AC-8

Q) were subjected to a stress intensity level of 43 and 47 percent
of KIc (see Table 6). Neither of the two specimens showed any signs
of flaw growth, The cluster of three specimens (C-6, C-7, C-9,
Table 6, symbols O, O , [0, respectively) were tested at a stress
intensity lavel of about 52 percent, and each showed a flaw increase
of 0, 004 to 0,006 inch, The flag note D next to the line represent-
ing the three points denotes that the flaw growth indication in these speci-
mens was a result of flaw marking technique rather than a true indication
of flaw growth, '

Justification is readily verified by examining the test data at higher stress
intensities, i,e., data points for specimens C6-1 W,and second test run
in AC-8 O, Table 6, The formér was subjected to a stress intensity

of 59 percent and the latter to 62,pg‘rceqt of the KI c value for the material.

Neither spucimen showed ‘signs of flaw growth, The main difference between



the two groups of specimens is that specimens C-6, C-7 and C-9 were cycli-
cally marked at room temperature while specimens Cé6-1 and AC-8 were
marked at -320°F, Specimens C-7 and C6-1 are shown in Figure 59
illustrating the effect of marking technique,

There were 22 test runs, including two pressure vessels, for stress
intensity levels between the No-Growth and No-Failure thresholds, Two
specimens as well as both pressure vessels were held under sustained
loading for more than 100 hours each, The extent of flaw growth in
pressure vessels Serial No, 0001 and 0002 is illustrated in Figures 60
and 61, respectively. Both tanks had a severe delamination at the tip of
the flaw and the flaw grew sideways in both tanks, Effectivenss of
polarized light illumination for fractographic examination of specimens
is evident when comparing pictures taken using white light illumination
with those using polarized light, For comparison with the tanks,
fractographs of two specimens (CA-41 ¥ and CA-43 ¥ Table 5,

Group II section) are shown in Figures 62 and 63, respectively.

Returning to Figure 27, the self-arresting tendency of the flaws subjected
to stress intensity level below the No-Failure threshold may be illustrated
by considering three groups of specimens, The ifirst group consists of
specimens CA-43 V¥ and C8-1 @ (Tables 5 and 6, respectively). Both
specimens were subjected to identical stress intensity of 81 percent

of KI ¢ Assuming identical flaw behavior, the trace is drawn through
initial and final points of both specimens. Examination of the trace
indicates that flaw growth after the first hour under the load stops. The
same Phenomenon may be observed in the second and third groups comprised
of specimens C-1 & and CA- 39 X in the decond group, and CA-37 O,
second test run in AC-7 A and C-4 o in h‘;e third group (see tables 5 and
6 for detailed data), Fractographs of specimeris C-1 and C<4 are shown

in Figure 64. Both specimens. while void of delamination, showed that the
flaw growth increment was larger in the sideways than in the depth (along
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a-axis) direction, Final flaw sizes in specimens held for longer periods
at comparable stress intensity levels suggest that the flaw growth was
stabilizing.

Another group is comprised of specimens C-8 ¥ and CA-42© , In
both cases the flaw extended sideways. The flaw growth in specimen
C-8 took place during the first minute at sustained load while specimen
CA-42 was under the same stress intensity level for 4.6 hours, A
trace through these two points in Figure 27 clearly indicates the self-
arresting tendency even at this high stress intensity level,

At points above the No-Failure threshold level some actual failures

under sustained load occurred. Furthermore, the two specimens instru-
mented for measurements oi flaw opening displacement (specimens CA-34
© and DA-33 8 in Table 7) clearly suggest that with time the flaw

growth was continually increasing. Specimen DA-33 failed under sustained
loading, ae did specimens CA-12 & and AA-50 @ (Table 5). Fractographs
of specimens CA-34 and DA-33 are shown in Figure 65,

Thus, for specimens subjected to stress intensity levels above 90 rer-
cent of ch failure under sustained load is likely to occur.

6.2,2 Sustained Flaw Growth at -320°F

Determination of the threshold stress intensity levels for the 2219-T87

aluminum tested at -320°F was based on more exac. information; in
addition to the sustained flaw growth data generated in the usual

manrer, data from specimens tested under combined cyclic-sustained
loading on this program and from specimens tested under cyclic loading

conditions on NAS 3-4194 program were available, These data ofier
an opportunity not only to supply additional information on the material
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behavior but also to provide a direct check upon the threshold criteria.

As pointed out in Section 2. 0, the threshold stress intensity concept

may be incorporated in cyclic testing of specimens by introducing

a different hold time at maximum stress level, It was postulated earlier ,
that for such cyclically loaded specimens there will be no significant -
effect upon cyclic life until the stress intensity rcaches the threshold

level. The available sustained and cyclic~sustained data for aluminum

is used to illustrate the analysis as well as to arrive at a realistic

conclusion for use of 2219-T87 aluminum in cryogenic applications,

Analysis of the sustained load test data for 2219-T87 aluminum at -320°F

is similar to room temperature data. The -320°F sustained stress flaw
growth data is summarized in Figures 29 and 30, The No-Growth threshold -
stress intensity level is at about 73 percent of the KIc value for the 3
material and the No-Failure threshold level is at 82 percent of the KIc’ .
just above the group of specimens exhibiting flaw growth arrest tendency o
(specimens AA-49 M} and CA-40 R ). First and second test runs in h
specimen CA-38 identified by symbols ® and (d , respectively, and the

M AR
[N

first run in specimen DA-31 identified by symbol J are considered to
fall into the category of flaw growth that would lead to eventual fracture.
Above that level were several failures under sustained load. Flaw

s
[

growth patterns for specimen DA-36 X were traced to failure and

=

helped define curve shapes for similar specimens and a tank included in
Figure 30, Tank test results were abstracted from the test program
conducted in support of the material evaluation for Saturn S-IC tankage.
Figure 66 shows fractographs of specimens CA-40 X and DA-31 J §
representing points below and above the No-Failure threshold stress
intensity level, respectively. Note considerably larger flaw extension
in specimen DA-31 as compared with specimen CA-40 even though the
latter was held under load for 120 hours as compared to 18, 9 hours

for the former, '
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6.2.3 Combined Cyclic-Sustained Test Data at -320°F

Verification of the ‘areehold stress level for the 2219-T87 aluminum
tested at -320°F is provided by the combined cyclic-sustained flaw
growth data obtained on this program and cyclic flaw growth data
generated earlier on NAS 3-4194 program. Both sets of data are
summarized in Figure 24, Interaction between sustained and cyclic

loading conditions does not commence until the applied stress intensity

level exceeds about 80 percent of the KIc value, The interaction manifests

itself by departure from the cyclic life curve established on NAS 3-4194
program, This coincides with the threshold value established for the
sustained data (Figures 29 and 30),

6.3 5 Al-2,5 Sn (ELI) TITANIUM DATA

Analysis of the titanium data generated on this program as well as the
test results obtained on NAS 3-4194 program indicates that behavior
of the two batches of material is comparable and the test results are
mutually complemerntary once a common plane of reference has been
established.

6.3.1 Sustained Flaw Growth

The sustained flaw growth data for 5A1-2.5 Sn(ELI) titanium at -320°F
are divided into two categories: (1) test specimens subjected to high
stress (above 150 ksi) and (2) test specimens subjected to stresses
below 150 ksi, Distinction by stress level in addition to stress

: intens:.ty K may cause some concern because of the apparent descriptive

insufficiency of the K parameter. “The parameter K encompasses the
stress level as wall as. the ﬂaw size. The stress level enters into the
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picture via correction for plastic zone and assursnce that

condition of gross elastic stress fields in the specimen are main-
tained throughout the test. Examination of the 5A1-2, 55n(ELI)
titaninum data indicates that the effect of stress level became prominent
only after the stress reached a value of the proportional strength limit
of the material. Thus, data obtained at a high stress level would not
be in compliance with the requirements for valid fracture testing,
Furthermore, the data obtained at such high stress levels, Figure 54,
i.e., above 150 ksi, will have limited application.

Taking 90 percent of the ultimate strength of 192.6 ksi or yield strength
of 180, 2 ksi, dividing the former by 1.4 and the latter by 1.1, and
taking the lesser of the two results in a design allowable of about 124
ksi, (This value is for illustrative purposes only and does not incorpor-
ate the statistical confidence limits.) It wosld appear that for a simple,
well designed and built pressure vessel, thc information on flaw behav-
ior under high sustained stress loads only provides a more complete
characterization of the material. Actually, however, many design devi-
ations together with unavoidable geometrical discontinuities and manu-~
facturing imperfections, are likely to create local stress risers that
may exceed the design value and thus be susceptible to sustained flaw
growth as characterized by the high stress level test data, This would
fall into a rather specialized field of design and analysis not generally
part of daily industrial activity. |

Consider now the low stress sustained flaw growth\data‘ in Figure 52
and compare these results with sustained data obtained at high stress
levels shown in Figure 55, The No-Failure threshold stress mtensxty
level for low stress spec:.mens in Figure 55 is near 98 percent of the
KI value and is practical}y ‘the same as the critical stress i.ntenaity.
Unlike the alummum specimena at room and'at -320°F test temperatures, '
no evidauce of partial flaw growth could be detected at lower stress ‘
intensity levels, Several ins__trumented specimens, while su}:jected to .
o \\\\ : SR
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low sustained stress levels (consult fiaw opening displacement curves
listed in conjunction with the presentation of the experimental results
for titanium) failed to reveal increase in flaw opening during the test

sequence and normally culminated in an abrupt fracture.

High stress specimens (Figure 54) present an entirely different
situation. There were several failures under sustained load; several
specimens had partial growth; onae test run resulted in No-Failure -
No-Flaw growth. Comnpnined assessment of high stress data points indi-
cates that for high stress level the No-Failure threshold stress intensity
is about 82 percent of the KIc value for the material.

6.3.2 Combined Cyclic-Sustained Flaw Growth

Stress level influence in sustained flaw growth behavior of 5A1-2, 55n
(ELI) titanium at -320°F was confirmed by the combined cyclic-sustained
testing of the same material. The combined cyclic-sustained data is
also divided into groups of high (above 150 ksi) and low (below 150 ksi)
stress levels, The low stress data is summarized in Figure 57 together
with the curve representing test data generated on NAS 3-4194 program
and reported in CR-54837, The No-Failure threshold is equal to fracture
stress intensity (Figure 55). Therefore, under cyclic testing with
different hold time at maximum stress, there should be no sustained
stress interaction., All points should fall on the NAS 3-4194 KIi/KIc
versus cycles-to-failure curve, Examination of Figure 57 verifies

this, All points fell close to the curve representing NAS 3-4194

data, regardless of the length of iime at a maximum load,

The high stress threshold stress intensity level established in Figure 54

is likewise substantiated by combmed cyclic-sustained data. Correspond-
ence with NAS 3-4194 data is not as pronounced as it was with low stress
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data because the curve in the NAS 3-4194 report represents low stress
data. Consequently, even at relatively fast cyclic speed the cyclic

life of high stress specimens is shortened.

6.4 PRESSURE VESSEL TEST DATA

As was pointed out in Section 5,0, the tank testing performed on this
program was plagued with difficulties including plate delamination,
failures of the pressurization system, hydrogen fires with ensuing
destruction of the test site and oblitefation of one of the fracture
faces, However, in spite of these difficulties and the uncertainties
associated with some of the test data, the results indicate that the
sustained stress flaw growth characteristics of the materials investi-
gated are not significantly influenced by the biaxial stress field.
Consequently, it is considered that within limits, the uniaxial speci-
men data can be used to predict the extended loading performance of

pressure vessels,

Delaminations at the flaw tips in the 2219-T87 tanks tested at room
temperature (see Figures 60 and 61) prevented sustained stress growth
in the thickness direction (i.e., at the point of the theoretical maximum
stress intensity), and as a result the flaws grew in a lateral direction
with maximum growth occurring at angles, & # 0, While the stress
intensity can be calculated at any point on the periphery of a semi-
elliptical surface flaw, it is not known to what extent the existence

of a physical separation at the flaw tip affects the result, This
uncertainty is compounded by the fact that the aluminum vessels

used in this program were much smaller in diameter than those
used in previous invesuga.tmns (References 8 and 13). and the actual
stress intensity at the root of a surface flaw is believed to be

i magnified above that obtained using equation (6), due to curvature.

»
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However, curvature and delamination effects do not present a major
difficulty in the evaluation of the sustained stress flaw growth in
pressure vessels, Subcritical flaw growth is primarily a function of
the ratio of the initial to critical stress intensity and not the finite
stress intensity values, If the calculated critical value is in error by
some percentage, the initial value is likewise in error by about the
same percentage and the KIi/KIc ratio is not changed. Comparing the
uniaxial and biaxial sustained stress flaw growth data for 2219-T87
aluminum at room temperature (Figure 27) on the basis of KIi/KIc no
difference in behavior is seen. Likewise the flaw growth observed in
the second flaw in aluminum tank #003 tested at -423°F is consistent

with the uniaxial specimen results.

Comparison of calculated stress intensities using equation (6) with

data previously obtained by testing larger tanks, indicates the stress
intensity magnification due to curvature may be approximately 10
percent. This approximate 10 percent curvature effect can also be

seen by comparing the calculated KIc values for the preflawed aluminum
tanks with the values obtained from flat plate uniaxial fracture specimen
tests. From table 12 it is seen that for the two aluminum tanks tested
at room temperature the calculated KIc values were both 30. 0 ksi/In,
This compares to an average value of 34 ksi/in obtained from uniaxial
flat plate tests where similar lateral flaw growth was observed

(i.e., KIc values at a > 50°), From table 13 it is seen that the
calculated K;  for the aluminum tank #003 tested at -423°F was

39.5 ks1,/"— This compares with an average vaize of 43,9 ksi/fin
obtained from the uniaxial flat plate fracture specimen tests.

At present there is no analytical solution for the effect of curvature
on the stress intensity at the tip of surface flaws in pressurized
cylinders, However, based upon the solution by Folias (14) for
through-the-thickness cracks in pressurized cylinders it is expected
that the magnification in stress intensity is a function of both the



flaw size and the R/t value. If the flaw sizes are small and/or if the
R/t value is relatively large (perhaps greater than 35 based upon
previous tank test results (13 )the curvature effect is small enough to be
neglected, On the other hand, if the flaws are large and/or if the R/t
value is small it does not appear unreasonable to expect that equation
(6) could underestimate the stress intensity by the 10 percent
experimentally observed in this investigation, It is apparent that

in order to accurately apply the uniaxial fracture specimen data to

the prediction of critical flaw sizes in small diameter thick walled

veasels an analytical solution to this curvature problem is needed.

Aluminum tank #004 tested at -423°F yielded no flaw growth data and
a very questionable KIc value. As noted in section 5. 0 this tank failed
after several very rapid unintentional pressure oscillations due to a
pump maliunction., Although there were several attempts to determine
the reason for the abnormally low KIc value (see Section 5, 0), it

still remains unexplained.

The two titanium tanks were tested under sustained pressure at -423°F
and revealed no flaw growth at applied stress intensities of about

90 percent of the KIc value. This is consistent with the results
obtained with uniaxial specimens. Also, a close correspondence
between uniaxial and biaxial critical stress intensities was indicated.,
Because of the much larger diameter to the thickness ratio in the
titanigm tank,curvature effects are considered to be negligible.
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7.0 CONCLUSIONS

The sustained stress flaw growth data obtained on this program can
be used in estimating the life of cryogenic pressure vessels subjected
to extended periods of time at pressure, such as will be encountered
in long term space missions. Also, the results of this program can
be used in conjunction with the cyclic flaw growth data obtained on
NASA Contract NAS 3-4194 (reported in CR 54837) to estimate the life
of pressure vessels subjected to combined cyclic and sustained pressures,
Assurance of safe life for extended preésure storage can be obtained
by insurirg that during the required life the maximum applied stress
intensity in the vessel does not exceed the sustained stress threshold
stress intensity value for the specific material and environment. A
successful proof pressure test can be used to determine the maximum
possible initial applied stress intensity in the vessel, The maximum
initial to critical stress intensity ratio is equal to one divided by

the ratio of the proof pressure to the maximum operating pressure.
From the results of this program it is concluded that below the

“"No Failure" threshold stress intensity level (i.e., that stress
intensity above which delayed time failures can occur) time at pressure
has little or no effect on cyclic flaw growth rates. Hence, the data
reported in CR 54837 can be safely used to determine the number of
pressure cycles required to increase the initial stress intensity to
the threshold level. Above the threshold level,time at pressure can
have a large effect on cyclic flaw growth rates and as a result cyclic
life can be severely limited. In fact, it appears possible that only
one prolonged pressure cycle could cause failure,

Some specific observations and conclusions regarding the two materials
investigated in this program are as follows:

1. For the 2219-T87 aluminum it has been ghown that small amounts
of sustained stress flaw growth can occur below the '"No Failure'
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threshold stress intensity level; however, the growth apparently
stops after a short time at load., A lower threshold exists below

which there is no evidence of growth, This has been termed the
'"No Growth - No Failure'' threshold level,

For storage involving days or even weeks of extended pressure
loading it is considered possible to safely operate 2219 aluminum
vessels at stress intensities between the upper and lower threshold
levels, While it may be possible that these vessels could be
safely pressurized for longer periods of time in this region,

the present lack of substantiating test data makes it appear wise

to limit the maximum stress intensity at the lower threshold level,

The accuracy of the estimated upper and lower threshold levels
for the 2219-T87 aluminum at -423°F could be improved with
additional test data.

For the 5A1-2,5Sn(ELI) titanium at stress levels above the
proportional limit there is an increased susceptibility to
delayed time failure under sustained stress as evidenced by
a substantially decreased threshold level. As applied to
titanium pressure vessels this is of particular significance
in those areas of discontinuity where the actual stresses can
be substantially above the nominal calculated values and
quite possibly above the proportional limit of the material.

Because of the decrease in plane strain fracture toughness,
KI ¢! with decrease in temperature, pressure vessels
fabricated from 5A1-2, 55n(ELI) titanium should be proof
tested to a stress level above the maximum operating stress
at a temperature equal to or below that expected in service.

{
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Because of the slight increase in fracture toughness with
decrease in temperature, it appears that pressure vessels
fabricated from 2219-T87 aluminum should be proof
tested to a stress level above the maximum operating

stress at or above the expected service temperature,

The 2219-T87 aluminum and 5A1-2, 5Sn(ELI) titanium
uniaxial data obtained on this program is considered to
be applicable to biaxial loau. :g conditions, which exist

in pressure vessels, even though the biaxial data obtained
is not nearly as complete as originally planned.
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LEGEND :

= Constant Cycles To Failure Curves
Derived From Average KI‘ Vs.
N Curve '

® Uniaxial Specimens

180 A Flawed Pressure Vessel

NOTE : Numbers Next To Data Points

170 Indicate Cycles To Failure

160
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Figure 8 : CYCLIC FLAW GROWTH DATA FOR 5 Al-2 1/2-Sn (ELI)
TITANIUM AT =320 OF ( 0-100-0 Load Profile )
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( Second Flaw )

DELAMINATION IN 2219-T87 ALUMINUM TANKS TESTED AT ROOM
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o

\'—No Flaw Growth.
' ::“ndicctlomi_' §

&’;fs '.r -

R.T. T T T gk
SPECIMEN NO. C-7
MARKED AT ROOM TEMPERATURE

RT. T 2
" SPECIMEN NO. Cé~1
MARKED AT -320 °F

.Figure 59: ILLUSTRATION OF THE EFFECTS OF FLAW
R MARKING 'I'ECHNIQUE
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s e

AR L

R.T. ” | 2.8x

TANK NO, 0001, FLAW NO. 1
( White Light Illumination )

R.T. . 2,8x

TANK NO. 0001, FLAW NO. 1
( Polarized Light lllumination )

Figure 60 : FRACTOGRAPHS OF 2219-T87 ALUMINUM TANK TESTED AT
ROOM TEMPERATURE ( Tank No. 0001 ) :
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TANK NQ. 0002, FLAW NO. 1
( White Light Illumin\aﬂon)

R.T. A . 3.2x
TANK NO. 0002, FLAW NO. 1
( Polarized Light Illumination )

¢

Figure 61: FRACTOGRAPHS OF 2219-T87 ALUMINUM TANK TESTED AT
ROOM TEMPERATURE ( Tank No. 0002)
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[ — -

SPECIMEN NO, CA-41
( White Light Illumination )

3.0x

| - ——————— g

- RoTo | T R o
. SPECIMEN NO. CA-41
; ( Polarized Light ,lllumitg\gﬂon')

E ' Figure 62: FRACTOGRAPHS OF 2219-TST-ALUMINUM SPECIMEN
S " TESTED AT ROOM TEMPERATURE ( Specimen’ No. CA~41)-
= 130 SR S I
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S e

S i

[

[

[ —

SPECIMEN NO. CA-43
( White Light lllumination )

1
]
-

}‘

g: R.T., T 3.6x
SPECIMEN NO, CA-43
g \

( Polarized Light lllumination )
Figure 63: FRACTOGRAPHS OF 2219-T87 ALUMINUM SPECIMEN
:] S TESTED AT ROOM TEMPERATURE ( Specimen No. CA-43)
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, e

i Sustained il '
Flaw Growth]
e |
P it
R.T. - C 3.4x
SPECIMEN NO, C~1
EDM!

R.T, o T 34x

SPECIMEN NO. C4 -

Figure 64:FRACTOGRAPHS OF 2219-T87 ALUMINUM SPECIMENS . -
S TESTED AT ROOM TEMPERATURE ( Specl’mens C-l And ﬁ\:i)/‘_f
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SPECIMEN NO, CA-34

SPECIMEN NO. DA-33

ﬁfﬂkﬁﬁGRAPHS OF. 2219-T87 ALUMiNUM SPECIMENS
TESTED AT ROQM WMPERATURE ( Specimens CA-34
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Table 2: WEID SETTINGS USED FPOR FABRICATION OF
ALUMINUM AND TITANIUM TANKS
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TABLE 3:MECHANICAL PROPERTIES OF 2219-T87 ALUMINUM PLATE
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Table §5: SUS
ALY
R | e A on e maar SUSTAINED TE:T RUN
[}
g rs ~ .ﬂh - 5 — o~
134 ¥ @ b 2 ¥
AR S E AR
FREERE N PRV AL AR GRE S b IR
E 25|78 |8 aS 52| &< | Ay A | gk |22 | Py
b | B> & i o & S |® o|&~| =
= &
@ROJP I
AA-50 | 0.668 | 6.00] ®mr [15.0] & ]o0.335|1.317 | 1.238| RT |33.8|0.1%|36.5] [
AA-51 | 0.661L | 6,00 mr |15.0] 5 |o.304|1.200 | 0.217] RP | 32.0]|15.3]30.3] o.
AA-1 | 0.660 | 6.00] RT |10.0! 20 }0.322|1.191 | 0.221| Rr | 33.8|38.6|32.2] O.
ca-37 |0.665 | 6.00] ®r {15.0] 9 |0.205}0.763 | 0.145| Rr | 41.9]2k.0|29.0] O.
0.212 |0.815 | 0.154| Rr |44.2|20.3{31.8] 0.
0.224 [0.815 | 0.159| Rr |46.5|0.7%|36.2| [-.
an.1p |0.656 | 6.00] ®r |15.0] 25 | 0.263|0.831 | 0.168| Rr | 43.0/0.9%|3u.8] [F
lca-39 |0-661 | 6.00] RP |15.0| 10 |0.207|0.761 | 0.244| RP |39.5]|19.0|27.5] o.
0.225 |0.785 | c.153| Rr |41.9|21.5 |30.1 | o.
| 0.240 [0.810 | 0161 mr [Wh.2]1.6 [32.8] o.
lca-42 |0.680 | 6.00{ R |15.0f 11 }0.200 |0.779 | 0.1k2| RT |34.9|17.2 |2k.6] O.
0.226 |0.851 | 0.153] R {41.9]4.6 |31.1] O.
10 |o.643 | 6.00] mr |15.0] 12 |0.217 0.766 | 0.149| mr |43.0[38.1 |31.4 | 0.
-32 lo.668 | 6.00] ®¢ |15.0] 1% |o0.161]0.560 | 0.112| Rr |u48.1|24.0 {31.1] o.
<25 {0.664 | 6.00] Rr |15.0] 1% |0.165 |0.597 | c.112| RP |34.8 |1k.2 |22.5 °i’
|
. {
GROUP {IT ‘
CA-43 ‘0-658 6.00] R* |15.0| 18 |0.219 |0.833 | 0.149| Rr |40.0 |123.7|29.0 ol.g
CA-b1 10.656 | 6.00] Fr }15.0] 13 [0.220 |0.805 | 0.048| Rr |32.5 |115.6|24.9 | o.
" m‘mm )
= mmmmm&m,x, WOT DETERNINED

> AVERAGE STATIC K =

Epe mm:vnmr.smm

o

Q
[ S S

.1mmnmmnwmmmmm
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PAINED LOAD FLAW GROWIH DATA FOR 2219-T87
MINUM AT ROOM TEMPERATURE (Groups I and II)

FLAW SIZE AFTER

FLAV SIZE AFTER CYCLIC FLAW
THE TEST RUK MARKING CYCLIC MARKING '
~ 1 & - ® ‘5": 5 ~| a~ :
@ a | & g fro @ o~| = o | @8
AR IR RREAE G Ay R Sg| 33| 28| &%
2198150 (53] A |SE| 80| 28|35 58 | 58 | 5o
-~ ~;
< i &5 B85 |92 B 8S 50 &S | b | S
o |M& | "5 |d5| 24 = g o ek I B
=\ - - - - - - - - - '7
310| 1.253|0.223 | 54 | 0.017| 32.4| Rr |{22.6 1 }0.32h [1.272
347] 1.360| 0.246 | 73 | 0.076| 33.5| Rr |22.6| 1 ]0.349 |1.362
210| 01751 0.148 | 64 | 0.009] 29.3] RT |27.9] 1 [0.212 |0.812
215} 0.818]0.155 | 6+ | 0.010| 31.9] Rr |27.9| 1 |o0.224 |0.818 |
=1 - - - - - - - - -
216l oL |o.au8 | 61 | 0.005| 28.0] Rr J27.9| 1 |0.225 |0.785
229| 0.811]0.157] 61 | 0.010{ 30.6] Rr |27.9| 1 10.240 |0.810
243] 0.829]0.164 | 61 | 0.012] 33.2] Rr |27.9| 4 |0.276 |0.8T2
202| 0.77910.143 | 56 | 0.008]| 24.7] Rr |27.9]| 2 |0.226 }0.851
228| 0.851{0.161 | s6 | 0.007| 32.9| Rr |27.9| 2 |o0.241 |0 887
228| 0.7780.153} 50 | 0.021| 31.9]| Rr {27.9| 2 |0.2u6 |0.809
176| 0.603 [0.221 | o | o.014|32.k| Rr |32.1| 1 ]0.182 |0.606
176|0.603]0.115| 0 | 0.008}22.8| Rr [32.1| 2 ]0.190 |0.783
225|0.83810.152 | 0 | 0.006]{29.2] Rr [28.0]| 5 ]0.233 |0.845
220 0.805 0450 | o |o0.006]25.0| R |27.9| 2 l0.258 |0.892
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TEST CONDITION
AT FRACTURE

N : g o T|° A A A d
4 (] o B S

g igsaaglgslg o og.
> g‘?‘ 3.5 53 ® ® \ar \‘r -E
.. - N -4 o -~ ol Py '™
e Eg 2; ,:‘*’g HEIL | | es
¢ | me |o0.238 | 33.8] - - j0.9%5| 10| @
8 ].rr lo.230 | 33.8 33.4% 0.906/0.91 | O
6| Rr [o0.248 | 35.8 34.2%% 0.952|0.98 | &
45| - - - - - lo9 jomr| @
su ] - - - - - lo.weslosr | O
L e [=|u6.5| - - |o09%5| 10| =
v | re | > M.0| - - losgus| 10| &
?&7 - - - - 33.4 | 0.824}0.839] X
‘5 - - - - 330"' OOm 00917 Q
38| rr |0.176 | 42.8 33.4%#| 0.982|0.995| &
bl - - - - 35.2 | 0.700|0.703} O
2] Rr |0.172 | 5.4 35.2##! 0.88410.907| @
B4 | Rr |0.163 | k6.0 34.7%%| 0.905] 0.92 ()}
6| Rr }0.124 | 50.8] 35.0%% - 0.889]10.925|
8| Rt [0.146 | b7.7] 35.5% - 0.635|0.6k2| ®@
}

P4 | B® [0.166 |47.2] 36.amef - 0.803|0.807| @
‘BTl R loars |43.6] 36.7e#] - | 0.679]0.683]| ©

Table 5
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SUST|

Teble 6:
AL
R | T or oot e | T STZE BEFORE SUSTAINED TEST RUN
: : ~1 -8 |
o ~1 95 a | D - ~| o
PAPIEREREAE IR AR LI
O | 55 |88 |50 |55 |58 88|28 | %A [ge|E-|08le 5|2
B AP AR LS T M
= &

c-8 |o.604 | 6.00] Rt | 15.0{ 15 | 0.225] 0.613 | 0.153| ®r | 40.0{0.02|29.4| O
c-3 |0.660 | 6.00| Rr | 15.0| 20 | 0.262]0.848 [ 0.168] Rr | 40.0|0.08|29.1] 0"
c-1 | 0.663 | 6.00] RT 15.0| 15 | o.241}0.843 | 0.263] RT | 40.0|0.17}29.0]| O
c-5 |o.645 | 6.00] R* | 15.0] 15 | 0.245] 0.86c | 0.166| Rr | 40.0| 0.33|31L.8 oi
c-2 |0.652 | €.00] R0 | 15.0| 15 | 0.247]|0.853 | 0.266] ®r | 40.0|0.67|31.7| 0"
ca-u4 0.663 | 6.00| rr | 15.0| 18 | 0.218]0.830 | 0.155| ®r | 40.0|1.00]|29.6] 0O :
c-4 |o.671 | 6.00| mr | 15.0] 17 {0.248!0.858 | 0.166] ®r | 40.0]1.33]{29.6] o
c-6 |0.656 | 6.00| Rt | 15.0| 15 | 0.236|0.8u7 | 0.255| B |23.7|1.0028.7] o
c-7 |o.652 | 6.00| rr | 15.0 15 | 0.252| 0.861 | 0.161| BT [23.7|4.70|18.9] 0
c-9 |0.653 | 6.00] rr | w5.0] 15 | 0.233]0.828 | 0.152] RT | 23.7|30.0018.6] o/
GROUH| IV | !
c8-1]0.655 | 6.00| rr | 20.0] 6 |o.m8|o0.561 | 0.207] mr |45.0]1.0 |28.5] o
c6-1]0.653 | 6.00| Rt | 25.0| 6 | 0.095]|0.322 | 0.064| Rr |45.0|1.0 |20.5] O
ch-1 |0.653 | 6.00] rr | 30.0] 6 | o0.051|0.178 | 0.035] Rr |45.0]1.0 |15.8] O]
Ac-7]0.650 | 6.00] Rr | 15.0] © |o0.224]0.834 | 0.132| Rr |33.0/1.0 |23.9] O}
! 0.258 | 0.872 | 0.170| BT |39.1}1.0 [31.8] off
Ac-8 | 0.661 | 6.00] -320] 15.0| T 30.175 0.828 | 0.133| Rr [23.7|1.0 |17.2] of
30.260 0.887 | 0.169| ®mr |27.9|1.0 |22.8] off

o PULLED TO FATLURE

=> sPECTIMEN USFD FOR - 320°F TEST
(SEE TABLE 9)

P> AVERAGE STATIC K, = 36.7 VAS USED IN RATIOS WHERE IT WAS NOT POSSIELE TO OB

Ky, FROM INDIVIDUAL SPECIMENS




{AINED LOAD FLAW GROWTH DATA FOR 2219-T87
MINUM AT KCOu TMMPERATURE (Groups III and IV)

FLAV SIZE AFTER CYCLIC FLAW FLAW SIZE AFTER
THE TEST RUN MARKING CYCLIC MARKING
I N [ -
OO YN B PVNCS B I P a |8~ 27| 87| o
HEIE I SRR AR I
8 (=1 i s ot $ w Q il - 5 ® "
1Z3< | G= |8a| e |JE| B | g2 sl 85 | 32 | &
TS e L E PR A RE
i
%.223 0.813 [ 0.155| 58 | 0.019] 29.6| RT [27.9| 2 [0.243(0.854 | 0.1
.265/0.851 | 0.169| 7L | 0.024| 29.2| RT | 27.9] 2 |0.306|0.928 | 0.1
tou8l0.846 | 0.165 | 68 | 0.009| 29.2| ®r | 27.9] 2 |0.287|0.902 | 0.1
.250/0.860 | 0.167| 46 | 0.012f 31.9|] RT | 27.9] 2 0.290 |0.928 | 0.1
.256]0.853 { 0.168] 67 | 0.016] 31.9] RT | 27.9] 2 Jo0.291]0.912 | 0.1
.22300.831 [ 0.a57| 0 | 0.005| 29.8| ®mr [18.0] 5 |o0.228{0.833 | 0.1
.256/0.861 | 0.168| 65 | 0.009] 29.8] Rrr | 27.9| 2 |0.286|0.925 | 0.1
l.ok7l0.858 | 0.159| O 0.00k| 19.0] Rr | 27.9] 2 }[0.292|0.947 | 0.1
.259]0.867 | 0.163| 0 | 0.006| 19.0] ®rr | 27.9| 2 |0.323|1.08 | 0.1
.238{0.83% | 0.154 | O 0.005| 18.7] Rr | 27.9] 2 ]0.298|0.95% | 0.1
?150 0.561 |0.108] 0 0.002| 28.6] -320| 20.0] & |o0.154 | 0.563 | 0.1
1095 0.322 |0.084| © o | 22.5] -320]25.0] 4 |0.102]0.326 | o.c
,051{0.178 | 0.035] © 0 |15.8] -320] 30.0] & ]0.057|0.182 | o.c
1218(0.83% |0.135| 72 | 0.003] 24.2]| -320]| 20.0| 15 ] 0.258 | 0.872 | 0.1
.27210.876 {o.aa | b | 0.023| 31.9| -320]| 20.0| 30 |0.312 |0.919 | 0.1
.175]0.828 | 0.133| O 0 |17.2] -320}27.9] 6 |0.260]0.887] 0.1.
,260(0.887 |0.169 | 0 o |22.8] -320{20.0] 10 |0.284 [0.905 | 0.1

LA -
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TEST CONDITION
AT FRACTURE

e,

15 | 8 é ' 'E > i g

i | aE e~ | S Bl Bl o of8,

iR (= - o o %

i év §§2 ® @)o oS ¥ |uF |

Tl %gzi‘gg"g&”g‘gﬁ |

51| RT [0.169 | 4k.5 - 33.2%% [0.885 |[0.892 | @

s| rr |o.agofus.6| - | 3uase]o.ssyosss | @

74| RT | 0.184 | 46.0 - 35.0%% | 0.830 {0.835 ®] ;

8] mr |oaer{u.s| - |36ox]os|oss| a o

76| BT |0.185|43.9] - | 33.6%|o.9u Jo.950 | D S

so| Br |0.163|47.7]| 36.2%| - |o.817 |0.824 | € .

7| B |o0.a86u5) - | 3u.3|o.863]0.870 ] ¢ |

g| Rrr |o.190|u2.3| 36.0%| - Jouszo|osr| O _

o7| mr | o020k |[40.8] 36.0%] - o.525 os2r | o

gl mr |o.ao|w.7] 35.5%| - Josau|os2s| Q

02| rr Joma3|sk.a| 35.ue| - Josos|o.sos| @ |

s2| ®r |o0.0r0]s57.1] - - Jos8s josss | of

135] RT | 0.040] 60.8 - - oAl o4 | & 1

0| - | - - - ] - Joés2jo6s9| m

19| - - D‘ - - 0 .867 |0 .870 Ao

el - | - |- . - Jousofouss | q :

‘ol - | - B> - - lo62los2| @ A\
Table 6 §

) y ;;;

A\




Teble T:

{ Pouvuy ) ©

EEEMEEBEBEW;.

yadeq AwTd
( -uLA ¥eX ) p T
m o & Fy = AHA
( 8oy ) maaﬂésmmebﬁew
m xeu () ® SWIL © < H® 0000 O0 g © o
O in N CO B~ 0 0O O = ™~ I I O
ﬂg gb . . . . . 3 . . 3 L] - L] .
m ()l | eI sassvseen
B (1)
“ lompraamez asey | E B E R ERBEEBEEREBERREER
( seuour ) v/e W_ m m. .
= 9215 AV 3 S g
&5
N~ o0 O\
a ( seyour ) o2 2 83
mm y1Buo] ARTL S e g
/2]
™
Mm ( seyour ) ® m. a3 m.>
yadeg AsTd S S o
5 ( 000°T ) o0 Q
S . | serodd 3o xsqumy | " “
mm (o) S S
cm 880115 XU = A
et
@Mm A .mo v m m
(3] sanjexaduma],
= _
(sayour) o m
mm IPTA 0 o
(4] ® ©
ms ( sayouy) o O
(] 88aW{OTUL > © ]
8l & 9
WHONN NEWNIOZIS || & X 3

il



SUSTAINED LOAD FLAW GROWTH DATA FOR 2219-T87

ALZIMINUM AT ROOM TEMPERATURE (Group V)

T (eewour yu/e T Ty T w
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[ & A .ﬂé V ] ] 3 . [} ] [} ] ] [ ] 9.- [}
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Table 8: .

SPECIMEN | CYCLIC EXTENSION | FLAW SIZE BEFORE -

STZE OF EDH FLAW THE TEST RUN SUSTAINED TEST RUN

o :

~ -] uo's <y ﬁa 08 % o - ~~ M S
P IENENE PR 54|58 |un|ss oaadki:g‘g‘i
A AR I S
é .,Eé’ = g é.v 2 ks é“ év av P> g g = 1]
d | B2 Y& gv'ﬁ" s | M8 7S |8 goé’:’"’“igg
= € :

GROUH I §
AA-5810.660 | 6.00| RT | 15.0{ 5 |0.321]1.196 | 0.222 -320 39.6] 0.034 39.9| ['
AA-b9 1 0.666 | 6.00| RT | 15.0| 5 | 0.305]|1.192 | 0.216 -320| 37.5( 19.7} 32.7 | 0.:.
0.33211.358 | 0.2k2} -320| 39.6| 0.224 37.8| [

Ar-5210.663 | 6.00] R* | 15.0{ 5 | 0.313]1.192 | 0.218 -320| 38.5| 0.003 38.3| [:
CA-11 | 0.658 | 6.00] RT | 15.0f 10 | 0.229|0.8c4 | 0.157| -320| 48.6|17.14 38.4 | [

CA-38 ] 0.664 | 6.00] R* | 15.0{ 11 | 0.207 | 0.785 | 0.149| -320 4kB.7| 18.8|35.3
0.22810.814 | ¢.159] -320| 51.4] 21.8 | 38.2
0.2s1 | 0.849 | 0.168] -320| 5k.1]| 0.2 u1.9| [

CA-U7 | 0.649 | 6.00| R* | 15.0) 20 | 0.226|0.848 | 0.151| -320| 50.1 | 2.6 | 36.0 | 0.:
DA-17 | 0.641 | 6.00] R | 15.0| 16 | 0.168]0.599 | 0.119] -320| 56.4 | 48.0 | 37.6 0.’
DA-35 | 0.658 | 6.00] RP | 15.0| 20 |0.165 |0.545 | 0.112] -320| 59.5 | 0.054 37.8 | [
DA-31 } 0.665 | 6.00] RT | 15.0{ 18 | 0.356 |0.574 | 0.113] -320| %6.4 | 18.9|36.0]0.:

0.191 | 0.619 | 0.128] -320] 59.5 | 0.024 k0.8 | [
GROUF] 1T ‘
CA-40 ] 0.673 | 6.00] RP | 15.0| 13 ] 0.212}0.795 | 0.249} -320} 43.3 | 120.0{ 33.0 0.:ﬁ

0.238 | 0.864 | 0.167| -320 | 48.7 | 0.2* {39.5 | [
CA-48 1 0.659 | 6.00| R | 15.0} 10 |0.213]0.750 | 0.142] -320} 37.9 ] 125.1] 28.3 {o.:

®  PATLED UNDER SUSTAINED LOAD

**  PULLED TO PATIURE

E= =0 prermcursmasLz pEMARKATTON LINES ,

= Avmoxsrmcxh-uaw\smmmmmxmosumnmsmr
Ky, FROM SPECTMEN |

1yl

N



SUSTAINED LOAD FLAW GROWTH DATA FOR 2219-T87
ALUMINUM AT - 320°F (Groups I and II)

FLAW SIZE AFTER CYCLIC FLAW FLAW SIZE AFTER
! THE TEST RUN MARKING CYCLIC MARKING
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7 |0.840 | 0.165| 54 | 0.021] 38.9] -320} 32.5] 1 |o.2u1 |0.849 | 0.1
, ] - . - . - - . - . .
/242 |0.819 |0.162 | 62 | o.ou1| 37.2] -320| 32.5| 1 |o0.246 [0.851 | 0.1
1170 |0.600 | 0.129| © 0.002| 37.9] Rr |15.0] 16 - - -
= - - . . - - - - - - -
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SPECIMEN | CYCLIC EXTENSICY | FLAW SIZE BEFORE -
SIVE OF ETM FLAW THE TEST RUN SUSTAINED TEST RUN
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ac-7+ | 0.650} 6.00] -320120.0] 30 |0.312 | 0.912} 0.181 | -320 | 32.0{f 1.0 | 26.9
AC-9 | 0.655|6.00] RT {15.0] 11 |0.227 | 0.784] 0.146 | -320 | 30.1] 1.0 | 22.7
0.321 | 1.053] 0.202 { -320 | 33.6] 1.c | 31.1
GROYP IV
AA-59 | 0.657| 6.00] RF [15.0] 5 [0.310 | 1.182|0.216 | -320 | 37.5! 0.3 | 37.0
-320 | 38.6[16.0 -
-320 39'6 Ool" -
'320 :.‘006 0001* -
" [DA-36 | 0.65516.00] RT {15.0 | 20 |0.175 | 0.596 | 0.120 | -32C | 56.3] 0.3*] 37.8
# . 'PAILED UNDER SUSTAINED LOAD

o PRICR, LOAD HISTORY AT ROOM TEMPERATURE (SEE TABLE 6 GROUP IV)
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SUSTAINED LOAD FLAW GROWTH DATA FOR 2219-'!87

320F (Groups III and IV)
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Table

SPECIMEN | CYCLIC EXTE:NSION | FLAW SIZE BEFORE
SIZE OF EDM FLAW THE TEST RUN SUSTAINED TEST RUN ;
g 3 NI
— - -~ -~
- o | Pl 80| B2l es |5 lee|d~] (-l
AP ENENEAR IR R R E Y-
E B2 68 |8 |8a |8 g 3 = | 8- sg ® 5|
0o Fall’] ° m§ - & = ’v Y- -l
i |28 (P |gZ 52| A< | Ay (de | 2| 82 |3
7] £t~ S g .§V o ‘t\)‘ } 8 ) BV =
= [ ]
GROUP I
AA-21] 0.656| 6.00] Rr | 35.0] & 0.305/1.166 | 0.209] -k23| 30.9}12.4 | 30.0
AA-19] 0.655) 6.00] RT | 15.0! & 0.308/1.210 | 0.220| -423| 35.3|10.9]35.5
AA-61] 0.661| 6.00f RT | 15.0| 3 0.2741.123 | 0.198] -423 | 39.7|10.3 | 37.5
CA-45| 0.658] 6.00{ Rr |15.0] 11 | o0.2110.761 | 0.246| -423 | 50.9|9.9 |38.3
DA-22| 0.662| 6.00] Rr {15.0] 10 | 0.157 0.564 | 0.106| -423 | 4.6 ]10.8 | 27.9
DA-20] 0.656| 6.00] RT | 15.0| 12 | 0.267;0.758 | 0.156 | -423 | 50.9|11.8 | 38.6
GROUP} II
pa-18] 0.670| 6.00] mr |15.0] 16 | 0.189|0.598 | 0.121 | -k23 | 57.2 |wk.0 |37.8
* SPECIMER WAS DELAMINATED (SEE FIGURE 31) |
e PULLED TO FATLURE @ ROOM TEMPERATURE

> AVERAGE SEATIC K, = 43.8 KSI IN VAS USED IN DETERMINING ALL
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'10: SUSTAINED LOAD FLAW GROWTH DATA IOR 2219-T87
ALUMINUM AT - 423°F (Groups I end II)

FLAW SIZE AFTER CYCLIC FLAW FLAW SIZE AFT

THE TBST RUN MARKIRNG CYCLIC MARKI
i ~ — - i~ g'\ g - -
I a r @ 0 a — © o~| = 5
, 33| %2 | 58 E¥| 84 G TR NENEPIET
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; 0.305| 1.166| 0.209| O 0 | 30.0] Rr | 20.0} 4 |0.372 |1.385
0.313| 1.228] 0.223| O | 0.005| 35.7 20.0f 2 }0.368 |1.382
0.286| 1.123| 0.202| O | 0.012{ 37.9 15.0{ 5 0.311 [1.213

A A

0.219]| 0.767| 0.148 | 0 | 0.008| 38.8] RT | 27.9] 3 |0.261L |0.945

15.0| 15 |0.215 |o.654
20.0| 12 |0.387 |1.139

0.157| 0.564 | 0.106 | © o |21.9
0.271| 0.808|0.164 | 0 | 0.00%{ 39.6

A A

. 0.199] 0.60L]0.123| O | 0.000| 38.2}] RT |15.0| 18 }0.200 |0.601
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ER TEST CONDITION
NG AT FRACTURE
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538 5~| L B|SE g
28 |En | @ s > le I LE
Pl SIS T R DM I R
~ bt (/] o Q4
g e ég E; LHESES | |2
0.248| RT |0.254 | 30.6] 3h.0%*| - 0.685 | 0.685| @
0.247] RT |0.254 | 32.3] 36.8%% - 0812 | 0.815| @
0.211| RT |0.221 | 34.5| 35.1%+ - “,856 { 0.865| &
0.17% | Rr |0.185 | 46.9] 39.7* - 0.875 | 0.886 W
0.125| RT |0.136 | 48.5] 35.1#+ - 0.638 | 0.638] ©
0.221 | Rr |0.227 | 34.1] 33.5%* - 0.882 | o904} O
0.115| RT |0.126 | 50.5] 34.1#*| - 0.86% | 0.870.] &
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TABLE 11 COMBINED CYCLIC-SUSTAINED FLAW
FOR 2219-T87 ALUMINUM TESTED AT -

¥

«

-

-

SPECIMEN | CYCLIC EXTENSION| FLAW SIZE BEFORE COMBINED
SIZE OF ‘EDM FIAW THE TEST RUN CYCLIC-SUSTAINED
: AP
_— o -
s~ | =8 |3 |B-l83]83]88]F (33]d
: B2 2|EF|53|88| 88| 58|EF |8 e B |3
EEIEE I PR AR P I
W |ES| 2|8 k! § Heldg “‘}fé s 4 <
I Aol I I A -
==-.='=-..—-..==T-——-———== = e
GROUP I
AA-56 | 0.650| 6.00] Rr | 15.0] 5 | o0.322]|1.226] 0.220] -320} 29.2 | 0.007 | 2
AA-55 | 0.658] 6.00] Rr | 15.0! 5 |0.317{1.175]0.213] -320} 29.2 | 0.250 | 2
AA-6 | 0.656| 6.001 RT | 12.0] 11.5] 0.377| 1.319] 0.245] -320}| 29.2 | 2.50 |3
DA-29 | 0.650| 6.00} RT | 15.0| 18 | 0.169} 0.5691] 0.111} <320 43.8 | 0.007 | 2
DA-26 | 0.657| 6.00] RT | 15.0/18 ] 0.165]0.544] 0.107| -320| 43.8 | 0.250 | 2
DA-30 | 0.663| 6.00| Rr | 15.0] 20 ]| 0.161]|0.548}!0.106| -320} 43.8 | 2.50 |2
GROUP IT
AA-S5h | 0.67T4} 6.00) RT | 15.0} 4 }0.310{1.176]0.204| -320| 35.% | 0.007 |3
AA-5 | 0.663|6.00 Rr |10.0[/15 ]0.323]|1.203]0.218| -320] 35.4 | 0.250 |3
AA-53 | 0.660|6.00] Rr |15.0] 5 ]0.314}1.183]0.207}|-320!35.4 |2.50 |3
AA-ST | 0.663|6.00] Rr |15.0] 6 Jo0.317|1.1281)0.217|-320]|35.4 |2.50 |3
AA-60 | 0.65416.00] Rr |15.0| 6 |0.308|1.264]0.212]-320|35.4 |30.0 |3
DA-28 | 0.666]|6.00] Rr {15.0]18 |0.174 |0.594 |0.119} -320]53.2 |0.007 {3
DA-U6 | 0.652]6.00| Rr [15.0|16 ]0.165}0.576 | 0.114 | -320]53.2 |0.250 |3
fpa-15 |0.670|6.00 | RF |15.0 15 |0.162|0.597 |0.126 | -320|53.2 |2.50 |3
DA-27 }0.652]6.00] Rr |15.0 {26 (o0.161}0.561]0.111}-320]53.2 |30.0 |3
" SEVERAL OVERLOADS, SPECIMEY PULLED TO FAILURE @ 42.2 KSI



JROWTH DATA

- 320°F
FIAW SIZE AFTER TEST CONDITIONS

TEST THE TEST RUN AT FRACTURE —~
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9.4] 1262 0.490 1.859|0.334 ]| -320]0.33  29.2] 43.9
8.7| 1047 }0.529 ] 1.940 | 0.354 | -320 | 0.354 | 29.2 | L4k4.0
1.6} 291 }0.480|1.775|0.323|-320{0.323 | 29.2| L2.6
8.0 990]0.361]1.097|0.220 | -320 |0.220 | 43.8] 42.0
7.3] 1260 | 0.403|1.333 |0.261 | -320 {0.261 | 43.8| 48.8
7.4] 1694 |0.392]1.203 | 0.240 | -320 {0.240 | 43.8 | Lk4.3
4.8] 1uk J0.456 §1.514 |0.290 | -320 |0.290 | 35.4 | 43.8
5.1] 162 |0.448 | 1.677 |0.308 | -320 |0.308 | 35.4 | 46.7
5.0] 48"0.309]1.297 [0.239 | -320 |0.239 | u2.2 | 4.7
5.0] 18 ]0.383]1.415 |0.260 |-320 |0.260 | 35.4 | 40.8
4.6] 19]0.370]1.368 |0.252 | -320 |0.252 | 35.4 | 39.9
:5.3 20 |0.237 | 0.701 |0.145 [-320 {0145 | 53.2 | bO.2
4.8] 133 {0.365 |0.9%3 |0.194 |-320 |0.294 | 53.2 ]| 45.6
5.1] 35 ]0.273 }0.779 |0.163 |-320 |0.163 | 53.2 | 41.3
.6 | 45 ]0.253 |0.752 |0.156 |-320 |0.156 | 53.2 | Ko.3
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SUSTAINED TEST RUN
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SUSTAINED LOAD FLAW GROWIH DATA FOR 2219-T87

ALUMINUM TANKS AT ROOM TEMPERATURE
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SUSTAINED TEST RUN
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Table 13

>
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-423 0.1 [49.2 [39.5
-k23 |0.140 |42.4 |32.2
423 |0.141 |b2.7 [32.5

-320

. CALCULATED USING INITIAL FLAW SIZE
{FLAV GORWTH NOT INCLUDED)

0.2911.158

ID FRACTURE STHESS HOT RECORDED

STRESS OF 51.6 KSI

5

-320] 20.0

0.

0

ALIZED COOLING

URE OCCURRED IN THE FIRST FLAW DURING
URIZATION 70 TARGET HOOP

10.835 10.390
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Table 16: SUSTAINED LOAD
FOR 5AL-2 1/2 sn (ELI)

(Group I sp
o | P | s

é Flezleslsl
Sl slE (3o~ |BSl8 8 s E|E |53
PR IR IE PN AL AL Tl fe
0|l 3 9 [ 3 i
MERIE S TRIEERE P LN
~ ~| & EV ¢ a 8 % § o

GROUP|T

5T-20] 0.194] 2.00{ RT | 40.0| 25 | 0.054| 0.198 |0.039 | -320[165.2
5T-461 0.200| 2.00] RT | 40.0| 28 | 0.052} 0.196 |0.035 | -320]165.2
- - -320|173.5
6T-6 | 0.194| 2.00] Rr | 40.0| 30 | 0.076] 0.255 |0.052 | -320{157.5
6r-34{ 0.198| 2.00| =®r | 40.0| 15 | 0.070} 0.255 |0.050 | -320}151.-
6r-17| 0.193| 2.00| RT | 40.0| 18 | 0.065 | 0.248 |0.049 | -320[154.%
- - -320({162.1
6r-36| 0.193]| 2.00{ Rr | 40.0] 17 | 0.066 | 0.245 |0.048 | -320[159.3
gr-30| 0.194} 2.00| Rrr | 40.0] 5 | 0.093]0.349 |0.065 | -320|115.c
9gr-23] 0.193| 2:00| Rr | 40.0] 5 | 0.097} 0.349 |0.066 | -320(113.C
- - -320[118.6
- - | -320j124.5
- - -320]130.7
- - -320]134.2
or-22) 0.194%| 2.00{ Rr | 40.0| 5 | 0.089}0.347 |0.06% | -320|118.6
- - -320|12k.5
- - -320/129.8
9r-32§ 0.201| 2.00| RT | 40.0] 4 | 0.087] 0.345 |0.063 | -320]122.4
or-T2} 0.203| 2.00| Rr | 40.0| & | 0.088|0.362 |0.065 | -320[114.3

[ =roxE UPON.LOADING

#  FATLED UNDER SUSTAINED LOADING

e AVERAGE STATIC & SUSTATHED K;_ = 68,4 KSI IN USED IN DETERMD
RATTO8 FOR SPECIMENS WHERE INDIVIDUAL K. WAS NOP OETATNED.

g0



FLAW GROWTH DATA
- 1tanium @ -320°F

imens)
FLAW SIZE AFTER
;m KuN THE TEST RUN ~
) g,\ o, el e|8 s gué g — ¥
! o ~
DO R BRI ALY I
PRI év g‘“ 5 8 o
AE AT R lEEAd| o | F
{ ~ L N @ S o
3.1%| 63.6 - 0.93
14.8 | 60.3 - 0.882
0,174 63.3 o I
= n.5 .5 | 1.0
t 68.1 68.1 | 1.0
4.0 | 68.2 ‘ ' .6 0.95
| 0.02% 716 gy GrOWIH DETECTTON TECENIEs| 16 | 1+°

69.5 69.5 | 1.0
fD 63.4 (1.e. INSTRUMENTATION AND CYCLIC 63.1 1.0
9.9 | 61.6] FLAW MARKING) NOT USED. 72.9 0.846
4.0 | 64.7 72.9 0.888
k.o | 67.8 T72.9 0.930
6.0 | T1.2 72.9 0.978
)b T2.9 | 172.9 | 1.0
h.2 | 63.7 | : 79.0 0.9
4.0 | 66.9 ; 70.0 0.955
[ 70.0 . 7.0 | 1.0
=] 65.0 65.0 | 1.0
[E>{ 63.0 ‘ 63.0 1.0

mE ~ o Table 16

. L]
.Y



[ SRS

' ke . .

a—E pr—— fot——

SPECIMEN | CYCLIC EXTENSION

FLAV SIZE BEFORE

1

SIZE OF EDM FLAW THE TEST RUN
- ] — 5
g @~ - o '3 ,qh - | ale .A
PRI FIER N I
B |54|84|5rldg|u8| 8 88|28 (5082
AL MR TR R LT
< N ~.
= ‘18
GROUP| IT
57-12 |0.191 |2.00 | R? |40.0 | 35 [0.058 | 0.186 | 0.038] -320]|138.9
- - - RT o
- - - -320{138.9
0.062 | 0.209 | 0.041| -320[138.¢
) 0.069 | 0.232 | 0.045| -320/138.¢
8r-3 |0.195 [2.00 | Rr |40.0 | 20 }0.089 | 0.298 | 0.058] -320|117.3
0.093 | 0.303 | 0.060] -320{117.3
0.097 | 0.308 | 0.061] -320}{117.3
0.101 | 0.313 | 0.062] -320|117.3
* NO DISTINGUISHABLE DEMARKATION LINES, FIAW SIZES PRORATED.
*» PULLED TO FATIURE

= mesr nerERRUPTED, SPRCDOEN UNLOADED AND LEFT AT RT FOR 1€.7 HO

B>

FLOW OF NITROGEN INTERRUPTED, SPECINEN WARMED UP AND FATLED WHI

e



‘able 17 : SUSTAINED LOAD FLAW GROWIH DATA FOR
5 AL-2 1/2 Sn (ELI) Titanium @ -320°F
(Group II Specimens)

' eST RUE FLAV SIZE AFTER CYCLIC FLAW FLAV SIZI
THE TEST RUN MARKING CYCLIC M
1' b a
| - -~ o w| 8~

' - ~ a @ ald K] d ® 'BA - 4
i- @‘ég&ég%ggéﬁ i-|B~153l15|%
) g ol 8 .5 8 & 5 '5 o e .5 = E fiq ﬁ “t gg 3 ’3 '
I I L AR L B 325 1 20%
< R|R g £g§a°a gl R T A
<4 S ) N ] o '3 2 @
;"6.9 51.9| - - - - - 1-1-1- - -
go‘;67D - - - - - - - - - -
: 2.6] 5.9/ 0.058 | 0.186 | 0.038] © o | rRr |k0.0| T |0.062%¢ 0.1
' 2.3] 53.8] 0.062|0.209 | 0.041]| O 0 RT | 40.0] 10 |0.069%| 0.2
’hl 56.4] 0.069 | 0.232 | 0.045] o o | rr |u0.0| 10 Jo.016 | 0.2
i,‘é];9.7 59.11 0.089]0.298 | 0.058]{ O 0 R |40.0] 10 |0.093*| 0.3¢
739.4] 60.1] 0.093 | 0.303 | 0.060| © o | re |40.0]| 10 [0.097#| 0.3
| 34.5] 60.6] 0.097]0.308 | 0.061| O 0 RT |40.0| 10 ]0.101%| 0.3
1 6.7] 61.1] 0.201 | 0.313 | 0.062| © o | rr |w0.0] 20 |0.205 | 0.3
2,«-5

o

51z

%
3

[ AVERAGE STATIC & SUSTATNED K, = 68.4 KSI

¢

K RATIOS FOR SPECIMENS WHERE INDIVIDUAL on}i



} AFTER TEST CONDITION
ARKING AT FRACTURE - A
—_ z]
-~ - [ ] =
-] -]
(5 4 ga. - . 3| ﬁ‘
~ [ ® o
v a d ~ a o ~ 1
. N ’} & } 2
N
- - - - - 0.803
91 0.038 - - - 64.5 0.803
32 0.0k2 § - - - 64.5 0.835
36| 0.047 | -320] 0.050] 143.6] 6L.5 0.875
"33}0.057) - - - - 0.865
- 98]0.058} - - - - 0.88
~“13 1 0.059 - - - - 0.887
- 0.895

18] 0.061 |[Z=>} 0.064| 117.3

S Table 17
i - -
PR ol
. sl s l
j)“ @» lsl .-5 R
P <!
AN ‘ ‘“: )

#




Table 13 : JUSTAINED LOAD F1
5 AL-? 1/2 on (BLT) Tit
(Gt‘oup ITI Spec

SPECIMEN |CYCLIC EXTENSION | FLAW SIZE BEFORE :
SIZE OF EDM FLAW THE TEST RUN SUSTA-

: ; NN
s |330s3ld li~182l8s 8 8|8 51505
8 153|885 |EolsglA 2587 E|En|E

o pa i s Q " oo - .3 4 v o
ERI PRI T BT Rl 0
=~ g ﬁv @ a & % § =

-] B

GROUP HTT

kr-1510.294 [2.00] R? |4n.0| 45 |0.043 | 0.159| 0.033]-320 |1°
57-16 | 0.193 {2.00| Rr |40.0| 23 |0.052 | 0.191 | 0.039| -320 |1¢
ST-4810.194 |2.00{ Rr [4n.0| 38 |0.055 | 0.183]| 0.035|-320 | ¢

- - - RT
- - 0.036] -320 131
- - - |-320 |1&
- - 0.037] -320 |1k
- - - }-320 |15
- - - RT )
0.055 | 0.183| 0.038] =320 |15
. - - ]-320 | %
6T-21 ] 0.194 | 2,07 | RT |40.0| 15 ]0.063 | 0.224 | 0.045] -320 {15-
- - - }-370 |2¢
6r-33 | 0.202 |2.001 | Rr [40.0| 18 }o0.061 | 0.253 | 0.047] -320 |14
- - - ]-320 |15
. - - J-320 |1
4
¢

. FAILED UNDER SUSTAINED LOAD

[£>> OBSERVED FROM FRACTURE FACE (STAINED REGION)

~ .



MW GROWIH DATA FOR

ariom o =300°P

simens )

FLAW SIZE AFTER

(NED TEST RUN THE "EST RUN -
~ -] <1383 B A
~ &3
AR E A I S
Slof| BI85 |3 E|Y A28 < 9
oM | > . I wl95 » 2 J‘
a2 Bla-|d7|dg|E8|38] o | 7
1T < & e |° o <1 o o
8.3 21.0¢]55.2 | 0.100} 0.232 | 0.051 0 o.lr;5>2 h6.5 0.83
5.0| 3h.0%|63.8 - - - - D - 0.935
0.3 0.01]29.2 - - - - 0 - 0.427
0 |240.0] O - - - - 0 - -
6.3 e.afuo.s . - - - 0 - 0.723
4.5 0.1]52.9 - - . - 0 - 0.TT4
9.7 0.2|54.8 - - - - 0 - 0.80
3.1} 0.2]55.4 - - - - 0 - 0.81
0 |[312.0f O - - - - 0 - -
8.3l 2.7]58.5 - - - - | D - 0.857
6.2 1515 - - - - | D>l - 0.907
6.8] 22.71%5.2 - - - - D! 72.0 |~0.92
.6l 0.u462.5 | 0.075| 0.2u1 fo.050 | o |0.00fe>2.0 |~0.965
9.7| 21.5/65.9 - - - - 0 72. 0.91
7.5 27.3]59.3 - - - - | D] 725 0.955
515.5| 3%sec|72.5 - » - - - 72.5 1.0

[P FLAW GROWTH DETRCTED FROM CRACK OPENING DISPLACEMENT

=

MEASUREMENTS, EXACT AMOUNT OF GROWTH IS UNKNOWN

AVEPAGE STATIC AND SUSTAINED Kre = A8.42 &SI ) L
DE MINING K RATIOS FOR SPECIMENS WHEKE INDIVIDUAL Ky.'WAS NOT OBTACNED

IN WAS USED IN

(G

~~~~~~~



Table 19: SUSTAI!
5 AL-2 1/2 St
(Gro

SPECIMEN |CYCLIC EXTENSION | FLAW SIZE BEFORE

SIZE OF ETM FLAW THE TEST RUN 8
§ i |,-[.30 50
SN RN ITRIT
553%%523%8%‘,%5“3%2
Ea&‘a%;gﬁu;é& ’\..éva:

GROUP_}II tinued)
or-29 | 0.197| 2.00] Rr | 40.0] 5 | 0.083| 0.325| 0.058]-32C

S N B
- - - .32(
o - - -32C

9?'83 0.19‘0 200]- Rl' ho.o 3 0.08’& 00336 O.wl -3@




LA SRONTH LTS R

o
.

{ - N ooeag.. : ~
YL THnandam & - 00T

r-- e 4o -._.)
[ SANDN ST,

TRINED TEST RUN FLAW SICE AFIER

THRE TEST RUR -
o TN P {5’
P~ ~ - 1 wl 4
2y s,\' AL RER IR I
AT S =S S B B T I SRS B+ g
B- e BiaSfE AT E ST EG) S :
PRI EERT RaE DI 1T | B -
i &~ O " 8 S 1a& e < o ol
N21.6] 5.6)61.8] - . -l - 1o 7.9 1 0.975
ol - | - |- - )
126.7) o sun, - - -1 -1o 10.2 | 0.909
128.8| o0.7765.5] - - -1 - 1o 720.9 | 0.925
13G.0f 0.3]66.1§ - - - - i+ 70.9 0.935
151.7f 0.3] 66.9} - - - - c T0.9 0.943
133.3} o.5]61.7] - - -l - 1o 10.9 | 0.955
135.0] 1.6|58.6] - - -4 -1o 7.9 | 0.970
139.6| [X>] 10.9] - - - - o 70.9 1.0
1n7.3| 16|55} - - -1 -1o 70.9%+ | 0.868
1224} os5té6h2] - - - - ) 70.9%% I 0,906
125.3] O.b} 65.7T) - - - - 0 70.9% } 0.927 )
122.4] 1.1} 6h.2 - - - - o 70.9%% | ©.906
1274} 2.6 66.8) - - - - 0 70.9%+ | 0,942
130.5] 4.2 68.5] - - - -] o | 709%] o.965
azslomsol - Lo | o} - B> o.9%| 0.9




SFECTMEN CYCLTC EXTINZICH | FLAW SICE BEFORE
SIZE OF EDM FLAW “NE T RN SUSTAISED
T T . T T "r“ T
g ) ! 5 | = l % a ! A e : § | w ~
S -~ ) } @ !
e, 0|5 ip~0T|HE BYIS2IE 33
L2988~ 8 «lgg ;’30‘;38 w g8~k
¢ ¢ T 9 v o | 9 Gl = ooy R e o™
S |A% | Fa|E- TR - TR SR I IR I !
g 9 g b Q C‘ N 3 3] ; . fe 4 P il ﬁ a
0(3 ~ ~ (3] oo -B e e @ H h‘ Y] Nl g o b
= | ¢ &
GROVP |
3T-56 1 0.207 |2.00 | RT [4C.0 | TO 0.0k7}| 0.148 { 0.030 |-423 |160.C
3r-63 10.205 12.00 | r* [40.0| 60 | 0.0u3} 9.133 | 0.028 |-423 |179.0l
3F-6i ;1 0.205 |2.00 | R (400 T1 9 0bg| 0.143 | 0.030 | -k23 1162.8
3T-78 1 0.201 |2.00{ RT 140.0 | T3 0.0521 3.146 { 0.030 | -423 {154.6
5T-24 | 0.195 {2.00 ] R [40.0 | 25 0.049] 3.219 | 0.027 |-423 {136.8
5T-79(0.1992 {2.00 | RT |[40O.0 | 20 | 0.050] 0.185]0.035 |-423 |1 .l!l
- - - RT G
l - - - -k23 ,137.1
ST-75 | 0.208 |2.00 | RT |40.0 | 20 | 0.04&| 0.181 | 0.034 |-423 {137.0
ST-75 | 9.207 |2.c1 | R* |40.0 | 21 |} 0.049] 0.193 {0.037 | 422 |240.4
- - - > o
- - - ~-423 1ho 4
6169 | 0.207 |2.00 { RP |40.0 | 15 0.0731 0.235 0.0116 -k23 119.2
6r-5h | 6.202 ;2.00L ] Rt |40.0 | 15 0.07Th{ 0.248 | 0.047 |-h23 |110.5
9r-60 | 0.199 }2.00 | R |40.2 3 0.0891 0.368 ] 0.063 -423 | 83.6
RN . < m m”‘mm mmmmmw“mmmm %



DATA FOR

H

GROWT

FLAW

NFD LOAD

-
1

STA

€
'

U

od
a;

Trnbl

-

naBuy) meTd

4
L4
-
-

-

CYCLIC

FLAW S

( seuduY ) ®
yadag aety

¢.072 | ©

-
-
-

0.064 |0.:

( 000°T )
88TAD JO Jdcumy

&0
-
-
-
-
-

-
-

o

MARKING

( )
283198 X8|

46.0

50.0] 20

(el o]

'R8

CYCLIZ FTAW

(4.)
amaexadmay,

RT

(cur ) V) Booty

0 MAVKTNO SPROTIEN. W48 ARORE

tanium &

L

T

- PULLED 90 PATIRE

sn (KLT)

«

)
[

1

~

Al-

g
7

4UIWAIOUY AT O v 1 (o) [« B B |
. A wu(.!q.ac ! o O 1 1 [} (=] 1 +tO ¢
mm J0 TOTIITA
S0 ( ®aqour ) b/e ) 0" e
ﬂm . ) \ m.u.;. oo .n«%. s .m.. '
w5
el saqouy 22
wMT ( ) M I BT .m ' .m.. '
qifud] Avld o o o
~ (o] N
( seusux ) ® RTINS ..mD.
q3daq awrd e o (o)
( w79y ) SQNHOE wown G § Odm
. 2 NRRARS 'TIR A R3
x
7 ( emoR ) ™ @ oy p e Qe
-
&= 0 B Iy SYATATALL ALKl 0 t~

Y

LT

2




: AFTER TEST CCKDITICH
ARKIKG AT FRACTURE -
R Tl B
~ ® U‘l
AER AL REE I N °
3] o 2 o~ % 1
-4 =y » -t
- ) - %o av 5 }2 o w
) e g ~ fo' s '~ Y
N prs [ 3] ~ ]
@ | &
3| 0.060f - - - 0 992
- -423}1 0.028 [ 179.0 | 56.2%¢ | 1.0
- -423] 0.030 {162.83 | 53.5 1.0
- -423] 0.030 | 154.6 | 50.8 1.0
- -523( 0.037 | 149.6 | 55.5+ | 0.916
- . . - - n.9s
51 0.035 - - - B>]09%
- -423 D 137.0 - 0.935
- - - - - ~1 .0
- - - - - 0.972
> | o.0k0] - - - “P 0.972
- ~423| 0.0L6 ] 116.5 .9 1.0
- ‘J"23 0:&6 n9-2 5001 1-0
9 | 0.060] - - - 0.905
5 { o.0r2] - - - 0.875

[ g R R

55

A
s

E A 43 R %‘g’;& s;‘i%% "
T ]
Bt O Py £y ;3’“,"%:

{l«.ﬁ N
R YR



Table 21: CMBIN

5 AL-2 1°2 on (ELI) Ti

SPEC IMEN CYCLIC EXTENSTON| FLAW SIZE BEFORE
S1ZE CF EDM FIAW THE T2ZST RUN c
- R ‘o .
a o~ o~ § § é",_\ g’. ® %2 § % § ¢
¢ ~ ' '4",_\ ~~ Ko Q —~ H
NERIEE BEFIEEILN IEY 3O EE
ot g 8| o~ = hd o 2 ~ & BTy
&E: sS 208 |4 é’ Belaa|mSle |4

z &
GROUP T

3r-7 |0.196 | 2.00| RT | k0.0| 71 |0.0%0 |0.141 |0.029 | -320 |1
3r-10 [0.19%4 | 2.00| RT | 40.0| 70 |0.049 {0.147 |0.031 [ -320 |1
3‘1’~8 0.195 2.00 RI’ 1&0.0 80 0.0“4 00136 00029 “320 1
3r-50 |0.207 | 2.01| RT | 40.0] 55 |0.0k8 |0.135 |0.029 | ~320 |1
57-28 {0.199 | 2.00| Rr | 40.0| 35 |0.062 }0.184 |0.038 { -320 |1
5T-35 [0.197 | 2.00| RT | 40.0| 28 |0.060 |0.203 |0.0kO | =320 |1
ST'a 0.202 2.00 lﬂ' 1&0.0 30 0.05‘# 002«) 0-039 "320 1
5T-13 [0.19% | 2.00| RT | 40.0] 49 }0.052 |0.196 |0.038 | -320 |1
91"'19 0019“ 2.00{ RT 40.0 30 00“3 0019‘ 00039 -320 1
57-26 10,201 | 2.00| Rr | k0.0| 25 [0.047 [0.182 [0.033 |-225 |1,

(8]
¢
\

‘e




) SUSTAINED & CYCLTC LOAIY FLAW

‘ROWTH DATA
nium @ -320°F (Croup I Spenimens)

—" - = B
COMBINED PIAW SIZE AFTER TEST CONDITIOND
'LXC-SUSTAINED TEST THE TEST RUN AT FRACTURL —
: s | B
g ] & "o @ | o ®
—~ ~ -~ o @ | H
ot ~ ~~ Ls) L ®» Py ¢ PO Je; -
10| 3k SEled|agligdlas 8 |
S~ £ o | - /] 1) ~— —
™ @ 2 |4 g = & 2l \at g g‘ - lsi 5y 4 XM
g0 83 3l 2|5 28gldelET gl & | &
ble=| 2y g (MmN elg (RglE | |
>
O

2.2 | 0,007 |53.0f 250 |0.0840.198 | 0.043 | -320|0.043 | 162.2|64.8 | 0.8
2.210.05 |54.21338 |0.0970.215 |0.04T]-320)|0.047 |162.2|66.8 | 0.811]
2.2(0.25 |52.k) 231 [0.092/0.222 | 0.046 [ -320 | 0.046 | 162.2|66.2 | .79
2.2|2.50 |51.9)166 |0.0870.219 | 0.048 | -320 | 0.048 [ 162.2 | 67.2 | 0.772

3.9 [0.007 {52.3f{131 |0.095 p.2k2 | 0.051 | -320 | 0.051 |138.9 | 60.6 0.862
3.9 |0.007 ;s54.0| 301 |0.121 p.292 | 0.0€2 | -320 | 0.062 | 138.9 | 67.2 0.802
2.910.05 |53.7]309 [0.106 p.265 |0.056 | -320 [ 0.056 | 138.9 | 64.3 0.850
3.9/0.13 |52.7|229 }|0.111 p.263 |0.056 | =320 | 0,056 |138.9 | 64.1 0.823
3,9 |0.25 |[53.0|211 |0.127 p.255 |0.05k | -320 |o.054 [138.9 |62.2 | 0.853
2.9 |30.00 |48.8| 409 |0.120 p.270 |0.058 | ~320 |0.05€ [138.9 |64.7 | 0.754

o]




Table 22: COMBINED SUSTATHED
5 AL-2 179 gn (i1

(tiroup T
SPECIMEN CYCLIC FJ(T?INSION( FLAW S1ZE BEFURE {
SIZE OF EDM FIAW :  THE TEST RUN CYCLIC
% | 2 :
8 - ® s a~ |89 0o 2|2 o
iol.zld (8 (5|87 %EI821F (3%
o | 2 o ~| t T ey 8 £ 0 w gl ¥~ 4 X
B |52|em|23|88|88 |38 |2 8|6R|8
M o o | a3 9 \ mﬁ S 3 2 oo} 86 w0 s
B 128 |E8|E 35282 8 | a8 ]y §
@ £t~ ~ qﬂ’ g L~ o va o B o E b
x g |~ o« |8
. =z &
b —~
GROUP 11
3r-43 10.202 2.00| RT | 40.0[ 90 | 0.050] 0.151| 0.033}-320 | 175.0
3r-2 10.196 | 2.00] RF | 40.0[ 70 | 0.045| 0.123| 0.027{-320 | 171.0
3T-45 [0.204 | 2.00] RT | 40.0[ 90 | 0.046| 6.138| 0.029|-320 | 171.0
3r-4 10.195 | 2.00{ RT | 40.0{ 71 | 0.046| 0.133} 0.029]-320 | 171.0
3T-47 | 0.200 | 2.00{ R* | %0.0{ 70 | 0.037| 0.132| 0.027|-320 | 171.0

40.0] 15 | 0.079 0.282| 0.055|-320 | 133.0
0.0| 12 | 0.064| 0.271] 0.049]-320 | 133.0
50.0{ 12 | 0.087| 0.284} 0.057]-320 | 132.7
40.0| 10 | 6.090| 0.301| 0.059]|-320 | 123.3
40.0| 10 | 0.070] 0.267| 0.051]-320 | 133.0
40.0 10 | 0.086] 0.327| 0.060}.320 | 110.7
40.0| 13 | 0.079| 0.296] 0.057]-320 | 133.0

k.0 8 | 0.079| 0.269| 0.053}-320 | 132.0
| 4.0 5 | 0.067] 0.270{ 0.0%0)-320 | 133.0

40.0| 7 .| 0.070| 0.302| 0.35k|-320 | 133.0

8r-42 } 0.19% ; 2.00
8r-31 |o.197 | 2.00
. 8r-52 |0.205 | 2.00
8r-s7 |0.206 | 2.01
or-713 |0.201 | 2.00
ar-49 {0.202 | 2.01
8r-16 10,194 | 2.00
8r-55 |0.202 | 2.00
8r-56 |0.206 | 2.00
| -8r-62 10.206 | 2.00

“

A A3 ZAFRRA

Vo

4
i

- 1mmw9m’ mwmm‘ E
"hmasmissnmmmm r




VLG LOAD FLAW GROWIH DATA
Titanium @ -300°F

weliens )

—— - T —_——

BINED FLAY SIZE AFTER 1757 COMDITIONS
STAINED TEST THE TEST RUN AT FRACTURR .
o [ @ .
g ~ ~~~ g
~ £ ~~ S @ N V) —
o] =l 5181828318 (2318 | 2
o S P v 2| 8 Sl 0ol 8 o | W 2]
g Hﬁ (2] ’C' ’3 g 147} = o~ a; [J] -t >
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